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In eukaryotic cells, transport vesicles, which are tiny membrane-bound shuttles transport and 
secrete molecules between different subcellular compartments. SNARE [soluble NSF (N-
ethylmaleimide-sensitive fusion protein) attachment protein receptor] proteins constitute the 
core machinery that drives the fusion of transport vesicles to their target membrane. SNAREs 
assemble into a tight complex of four helices between the opposing membranes. SNARE 
protein sequences are highly conserved and can be classified into four main types (Qa-, Qb-, 
Qc- and R-SNAREs), reflecting their position in the helical complex. Among the four 
principal types, 20 SNARE subtypes can be distinguished. Particular sets of SNARE types are 
involved in different trafficking steps in the cell. It is still debated, however, whether SNARE 
proteins assemble only into sets that function in a given trafficking step. Here, I established an 
assay to follow the assembly of the cognate set of SNAREs essential for the fusion of Golgi 
vesicles to the endoplasmic reticulum. Using this, I carried out exchange experiments with 
SNARE kinds from other sets and found that most non-cognate combinations can assemble 
into a complex as long as the four different basic types (Qa, Qb, Qc, R) are present. As 
SNARE complex formation was much less selective than anticipated, I used this approach to 
characterize the behavior of putative SNARE-sequences found in viruses and prokaryotes. I 
found that the SNARE-like proteins originating from viruses and Gram-negative 
Legionellales appear to be true SNARE proteins that, very likely, were acquired through 
lateral gene transfer from their eukaryotic hosts. With their elaborate endomembrane system it 
is thought that eukaryotes arose from a merger of a bacterium, which gave rise to 
mitochondria, and an archaeon, and therefore, insights into the origins of SNARE proteins 
could shed light onto the origins of membrane trafficking. Accordingly, I characterized 
prokaryotic SNARE-like proteins that could be ancestral to eukaryotic SNAREs, one from an 
α-protobacterium and two from Heimdallarchaeota. The experiments showed that the 
archaeal SNARE-like proteins could form complexes with eukaryotic SNARE proteins, 




Dans les cellules eucaryotes, les vésicules de transport, qui sont de minuscules navettes 
membranaires, transportent et sécrètent des molécules entre différents compartiments sous-
cellulaires. Les protéines SNARE [récepteur soluble de la protéine de fusion sensible au N-
éthylmaléimide (NSF)] constituent le mécanisme central qui entraîne la fusion des vésicules 
de transport vers leur membrane cible. Les SNAREs s'assemblent en un complexe serré de 
quatre hélices entre les membranes opposées. Les séquences de protéines SNARE sont 
hautement conservées et peuvent être classées en quatre types principaux (Qa-, Qb-, Qc- et R-
SNAREs), reflétant leur position dans le complexe hélicoïdal. Parmi les quatre types 
principaux, on peut distinguer 20 sous-types SNARE.  Des ensembles particuliers de types 
SNARE sont impliqués dans différentes étapes du trafic dans la cellule. Cependant, la 
question de savoir si les protéines SNARE s'assemblent uniquement en ensembles qui 
fonctionnent en une étape de trafic donnée fait toujours l'objet d'un débat. Ici, j'ai établi un test 
pour suivre l'assemblage de l'ensemble apparenté de SNARE essentiel pour la fusion des 
vésicules de Golgi au réticulum endoplasmique. En utilisant cela, j'ai effectué des expériences 
d'échange avec des types de SNARE d'autres ensembles et j'ai constaté que la plupart des 
combinaisons non apparentées peuvent s'assembler en un complexe tant que les quatre types 
de base différents (Qa, Qb, Qc, R) sont présents. Comme la formation des complexes SNARE 
était beaucoup moins sélective que prévu, j'ai utilisé cette approche pour caractériser le 
comportement des séquences SNARE putatives que l'on trouve dans les virus et les 
procaryotes. J'ai découvert que les protéines de type SNARE provenant des virus et des 
légionelles à Gram-négatives semblent être de véritables protéines SNARE qui, très 
probablement, ont été acquises par transfert latéral de gènes de leurs hôtes eucaryotes. Avec 
leur système endomembranaire élaboré, on pense que les eucaryotes sont nés de la fusion 
d'une bactérie, qui a donné naissance aux mitochondries, et d'une archée, et donc, les 
connaissances sur les origines des protéines SNARE pourraient éclairer les origines du trafic 
membranaire. En conséquence, j'ai caractérisé des protéines procaryotes de type SNARE qui 
pourraient être ancestrales aux SNARE eucaryotes, une venant d'une α-protéobactérie et deux 
venant de Heimdallarchaeota. Les expériences ont montré que les protéines archéales de type 
SNARE pouvaient former des complexes avec les protéines SNARE eucaryotes, ce qui 
suggère que l'ensemble diversifié de SNARE eucaryotes a évolué à partir d'un précurseur 
archéal.  
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E.coli Escherichia coli 
EDTA Ethylene Diamine Tetraacetic Acid 
ER Endoplasmic Reticulum 
GA Golgi Apparatus 
HPS Heimdallarchaeota Prototypic SNARE 
IPTG Isopropyl- β -D-Thiogalactoside 
kDa Kilo Dalton 
LECA Last Eukaryote Common Ancestor 
LB Luria Bertani 








NSF N-ethylmaleimide Sensitive Factor 
OD Optical Density 
PAGE Polyacrylamide Gel Electrophoresis 
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PMSF PhenylMethylSulphonylFluoride 





rpm Revolutions Per Minute 
RT Room Temperature 
SDS Sodium Dodecyle Sulfate 
SM Sec1 / Munc18 protein family 
SNAP-25 Synaptosome Associated Protein of 25 kDa 
SNARE Soluble N-ethylmaleimide-sensitive factor Attachment protein REceptor 
Syb Synaptobrevin 
Syx Syntaxin 
TGN Trans-Golgi Network 
UV Ultraviolet 
V Volt 
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CHAPTER 1: INTRODUCTION 
 
 SNARE proteins play essential roles in eukaryotic cells 
	
 
Unlike prokaryotic cells, which contain a single compartment enclosed by a plasma 
membrane, eukaryotic cells are subdivided into various functionally distinct internal 
membrane-bound compartments called “organelles” (Gould et al., 2018). Next to a defined 
nucleus, eukaryotes have a complicated endomembrane system including among others, the 
endoplasmic reticulum (ER) producing the internal membranes, vesicles and proteins; the 
Golgi apparatus, allowing modification and sorting of molecules; endosomes, allowing cell 
sorting; lysosomes, hydrolyzing used molecules and organelles; and the plasma cell 
membrane, separating the intra- and extracellular spaces (Dacks and Field, 2018). Through 
membrane sacs, named “vesicles” that bud off the endomembrane system, eukaryotic cells are 
able to carry cargoes, which are essential to the cell's survival. Among all the components 
required for the trafficking of these vesicles, the role of SNARE proteins is remarkable. 
 
 Mechanisms of vesicle trafficking 
 
The compartmentalization of a cell causes energetic and physical barriers for the transport of 
cell materials between the organelles and the extracellular medium (Honigmann and Pralle, 
2016). To overcome the barriers, a trafficking mechanism has evolved in eukaryotic cells 
using vesicles (Hong and Lev, 2014, Jahn and Fasshauer, 2012). Spherical in shape, vesicles 
look like a tiny sac composed of lipid bilayer. The vesicles originate by budding off from the 
donor compartment and merging specifically with an acceptor compartment. In order to move 
through the cytosol, vesicles use microtubules as rails and kinesin (or dynein) as a molecular 



















Figure 1.1: The steps in vesicle trafficking. Between two compartments, the transport of 
molecules is divided into a series of essential steps. 1-2) After the formation of the coat 
components, the curvature of the membrane increases (Budding) until the separation of the 
vesicle (Scission). 3) When the vesicle completely dissociates from the donor 
compartment, the vesicle loses its coat (Uncoating). 4) Guided by cytoskeletal elements, 
the “naked” vesicle moves to reach its target (Translocation). 5) The tethering factors and 
the Rab family of GTPases, tether the vesicle to the acceptor compartment (Tethering). 6) 
Finally, the vesicle docks and fuses to the acceptor compartment with the aid of SNARE 
proteins (SNARE assembly / Fusion). Modified from (Bonifacino and Glick, 2004). 
 
The mechanism by which eukaryotic cells transport material between intracellular organelles 
such as the endoplasmic reticulum, the Golgi apparatus, lysosomes, endosomes, and the 
plasma membrane is of fundamental importance for the survival of the cell. Indeed, 
eukaryotic cells take up nutrients through the endocytic pathway, while newly synthesized 
proteins and lipids are transported within the cell through the exocytic pathways. Several 
highly conserved protein families are involved in the budding, transport and fusion steps of 
vesicle trafficking. These proteins are conserved not only between different eukaryotic 
species but also between the different trafficking steps (Cai et al., 2007), suggesting that the 
different machineries (budding, transport, and fusion) were all duplicated and then diversified 
from a common ancestor. In eukaryotes, the conserved proteins include SNARE (Soluble N-
ethylmaleimide-sensitive factor Attachment protein Receptors) proteins (Trimble et al., 1988, 
Baumert et al., 1989), SM (Sec1/Munc18) family-member proteins (Banta et al., 1990, Wada 
et al., 1990, Hata et al., 1993, Pevsner et al., 1994), Rab-family GTPases (Goud et al., 1988), 
and membrane tethering factors (Cao et al., 1998, Christoforidis et al., 1999) (Figure 1.1). 










During membrane fusion, SNARE proteins form a tight complex between the opposing 








Figure 1.2: Schematic overview of SNARE protein assembly. The vesicle SNARE 
proteins (blue) and the plasma membrane SNARE proteins (red and green) interact 
together to dock and fuse the vesicle (yellow). Modified from (Kienle et al., 2009). 
 
 SNARE structures  
 
Most SNARE proteins are small proteins of around 100 to 300 amino acids in length. They 
are generally composed of three distinct domains:  The N-terminal domain, the SNARE motif 
and the C-terminal transmembrane domain, which allows the binding of SNARE proteins to 








Figure 1.3: Schematic representation of the domain arrangement of a typical SNARE 
protein. Each rectangle represents a protein domain joined via linker regions. The common 
SNARE motif is between the N-terminal domain and the C-terminal transmembrane domain. 



















1.1.2.1 The SNARE motif  
 
The main characteristic of SNARE proteins is a conserved domain called the “SNARE motif” 
or “SNARE domain” (Jahn and Sudhof, 1999). This common motif is composed of 60 to 70 
amino acids containing heptad repeats. Biophysical experiments, including nuclear magnetic 
resonance (NMR) and circular dichroism (CD) spectroscopy, reveal that the individual 
SNARE motifs are mostly unstructured in aqueous solution (Fasshauer et al., 1997a, 
Fasshauer et al., 1997b, Hazzard et al., 1999, Fiebig et al., 1999). However, SNARE motifs 
contain some alpha-helical elements when they are inserted in a membrane (Ellena et al., 
2009, Liang et al., 2014, Liang et al., 2013). During the assembly of SNARE proteins, major 
structural rearrangements occur to form a highly stable complex of proteins (Fasshauer et al., 
1997a, Fasshauer et al., 1997b, Hazzard et al., 1999, Margittai et al., 2001). This protease-
resistant complex (Fasshauer et al., 1998c), named the “SNARE core complex” (Figure 1.4), 
includes the four SNARE motifs from four different SNARE proteins organized into a 















Figure 1.4: Topology and organization of the neuronal SNARE core complex. Crystal 
structure of a SNARE core complex involved in synaptic exocytosis (2.4 Å resolution). 
During the assembly of SNARE proteins, the 4 SNARE motifs assemble to promote the 
SNARE core complex into a coiled-coil structure. The helices of the SNARE core complex 
form 16 layers of amino acids: + 8 to +1 ; 0 ; and - 1 to -7. All are hydrophobic except for 
the “0-layer” localized in the middle of the bundle. Syntaxin 1a and Synaptobrevin 2 are 
respectively in red and blue while SN1 and SN2 forming SNAP-25b (25-kDa 


















The helices of the SNARE core complex form sixteen stacked layers of interacting amino acid 
side chains. The layers of the C-terminus side are numbered from + 1 to + 8 whereas the 
layers of the N-terminus side are numbered from - 1 to - 7 (Figure 1.4). Sequence comparison 
established that the layer residues are highly conserved within the SNARE family (Weimbs et 
al., 1998, Fasshauer et al., 1998b). Usually theses layers are hydrophobic except for the highly 
conserved central “0-layer” in the middle of the bundle (Figure 1.4 and figure 1.5). This 
hydrophilic layer possesses one arginine residue (R) and three glutamine residues (Q). 
Through the almost 100% conservation of the 0-layer residues, our team reclassified the 
SNARE proteins as Q- and R-SNAREs (Fasshauer et al., 1998b). According to the previous 
classification, vesicle or v-SNAREs generally correspond to R-SNAREs while target or t-












Figure 1.5: Cartoon showing the 0-layer of the neuronal SNARE core complex. Crystal 
structure of the SNARE core complex involved in synaptic exocytosis showing the 0-layer 
(2.4 Å resolution). Syntaxin1a and Synaptobrevin2 are respectively in red and blue, while 
SN1 and SN2 forming SNAP-25b are green. R and Q symbols correspond respectively to 
arginine and glutamine residues. Modified from (Sutton et al., 1998).  
 
 
The structure of SNARE proteins and layers is important for the specificity of SNAREs 
(Fasshauer et al., 1998b). Although the complementary nature of the ionic 0 layer indicates its 
capacity to form solid hydrogen bonds between glutamine and arginine residues, another type 
of asymmetric complementarity was discovered in the -3, -2 and +6 layers, in which large and 
small amino acids interact (Sutton et al., 1998, Fasshauer et al., 1998b). The layers therefore 
not only provide hydrophobic residues but are composed of several asymmetrical layers, 
which seem to be important for the specificity of the SNARE proteins.  






¬ Syntaxin1a = Q-SNARE 
  














In 2007, our team established a rigorous phylogenetic classification of all eukaryotic SNARE 
proteins (Kloepper et al., 2007). SNARE proteins were found to split into Qa-, Qb-, Qc- and 
R-SNARE types (Figure 1.6), reflecting their position in the four-helix bundle complex. In 















Figure 1.6: Phylogenetic classification showing that the four different SNAREs arose 
from a common ancestor. The SNARE proteins of Schistosoma japonicum is shown as an 
example. Qa- ; Qb- ; Qc- and R-SNARE are respectively in red; green; orange; and blue. 
Modified from (Kloepper et al., 2007). 
 
 
Among these four basic types (Qa- ; Qb- ; Qc- and R-SNARE), about 20 SNARE subtypes 
were found that probably represent the original repertoire of the LECA (Last eukaryotic  
common ancestor) (Kloepper et al., 2007). LECA is, by definition, the most recent common 
ancestral eukaryotic cell that gave rise to all current eukaryotes (Makarova et al., 2005, 
O'Malley et al., 2019). Based on available biological information, this repertoire was 
assigned to different SNARE units working in different trafficking steps inside the cell 
(Figure 1.7) and were modulated independently in different lines of organisms. The 
classsification established specific “Hidden Markov Models” (HMMs) that can distinguish the 
20 SNARE subtypes divided into 4 groups: I, II, IIIab and IV (Figure 1.7) (Kloepper et al., 








SNAREs involved in trafficking towards the Endoplasmic Reticulum (ER) correspond to 
group I. The trafficking towards the Golgi apparatus (GA) corresponds to group II. The trans-
Golgi network (TGN) vesicle trafficking corresponds to group III.a. The digestive endosomal 
compartment trafficking corresponds to group III.b. Finally, the plasma membrane secretion 





















Figure 1.7: Assignment of different SNARE units to different intracellular membrane-
trafficking pathways. Qa, Qb, Qc and R represent the 4 types of SNARE proteins; the 20 
SNARE subtypes are distributed throughout the groups (I, II, III and IV). The list of Mus 
musculus SNARE proteins is shown here as an example. Note that the two subtypes Qb and 
Qc. of Group IV are part of the same protein; indeed Qbc.IV (SNAP-25b) is connected by a 
flexible linker region (Margittai et al., 2001). GA: Golgi Apparatus; ER: Endoplasmic 









Qa: Syntaxin 16 
Qb: Vti1 
Qc: Syx6/8 
R : Vamp7 
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(TGN)          
Qa: Syntaxin5 
Qb: Membrin / Gos28 
Qc: Bet1 /Gs15 
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1.1.2.2 Domains surrounding the SNARE motif 
 
The common SNARE motif is often connected to an N- and C-terminal domain via short 
linker regions (Figure 1.3). The C-terminal transmembrane domain anchors SNARE proteins 
to the cytoplasmic side of the lipid membrane. In a few cases, SNARE proteins do not have 
the C-terminal hydrophobic region. Some proteins therefore, attach to the membrane by 
palmitoylation, such as SNAP-23 and SNAP-25b (Qbc.IV-) (Greaves et al., 2010), while 
others attach by prenylation such as Ykt6 (R.I-SNARE) (Ayong et al., 2011). 
 
In addition to the C-terminal transmembrane domain, SNARE proteins have mainly 
independently folded N-terminal domains (Gossing et al., 2013). Among the many functions 
of the N-terminal domains, some play important roles in the correct sorting of SNARE 
proteins and in the recruitment of regulatory factors and tethering proteins. The N- terminal 
domains of Qa- and several Qb- and Qc-SNARE proteins share the common characteristic of 
having a Habc domain consisting of a triple-helix antiparallel bundle. On the other hand, the 
N-terminal domain of the R-SNARE proteins can be formed by a longin domain, which has a 
profilin-like fold (Sec22, R.I-; Ykt6, R.II-; and Vamp7, R.III-SNARE) or, have a very short 
N-terminal, known as brevin proteins (Bet1, Qc.II-SNARE). Some of N-terminal domains of 
Qa- and longin R-SNAREs can fold up onto the SNARE motif to adopt a “closed 
conformation”, thus giving an incompetent SNARE for membrane fusion (Fasshauer, 2003). 
Indeed, the closed conformation renders the SNARE motif inaccessible for assembly of 
SNARE proteins. Characterization of the SNARE complexes by thermal denaturation 
experiments show that the Habc bundle of Syntaxin 1a (Qa.IV-) is not in tight interaction with 
the SNARE motif (Fasshauer et al., 1997a); while others such as Sed5 (Qa.II-SNARE), show 
the reverse (Demircioglu et al., 2014). In order to open the closed conformation, a regulatory 
SM (Sec1/Munc18) protein must interact with the N-terminal domain. Some SM proteins are 
important fusion regulators and (Toonen and Verhage, 2003) bind to the N-terminal domains 
of Qa-SNARE proteins in order to affect the SNARE protein mechanisms, such as SM 
proteins Vps45p and Sly1p, which bind to Qa-SNAREs, Tlg2p, Sed5p and Ufe1p (Dulubova 
et al., 2003, Yamaguchi et al., 2002). In any case, SNARE proteins must be in open 
conformation before SNARE assembly (Gossing et al., 2013). It is still unclear how the N-
terminal domain of Qb- and Qc-SNARE proteins functions in vesicular trafficking, although, 
it has been shown that the domains seem to interact with components of the Dsl1 protein-
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tethering mechanism (Ren et al., 2009, Meiringer et al., 2011). Note that a small subfamily of 
SNAREs have neither C-terminal nor N-terminal transmembrane domains, such as the 
SNARE protein SNAP25 (25 kDa synaptosome-associated protein). These Qbc-SNARE 
proteins contain two SNARE motifs however, one Qb-SNARE motif and one Qc-SNARE 






Figure 1.8: Schematic representation of the domain structure of the SNAP25 SNARE 
protein (Qbc.IV-SNARE). The rectangles each represent a SNARE motif: Qb-SNARE motif 
and Qc-SNARE motif. These two motifs are connected by a linker region, which is 
palmitoylated (vertical lines). Palmitoylation replaces the C-terminal transmembrane domain 
for binding SNAP25 to the lipid membrane. 
 
  SNARE complex assembly and disassembly  
 
The assembly of SNARE complexes generally involves the four different SNARE types 
attached along two different membranes. It is topologically complex. The knowledge about 
SNARE proteins (and additional factors) comes from different research areas. The best 
studied SNAREs and interacting partners are those involved in neuronal secretion. Other 
organisms or the different trafficking steps may not share some aspects of the neuronal 
protein complexes. Below, is a general description of assembly–disassembly cycles and 
generated pathway intermediates (Figure 1.9). 
 
1.1.3.1 SNARE complex assembly 
 
To preclude premature or inappropriate fusion events, in the cell, SNARE proteins are usually 
held as separate, inactive conformations. The amino-terminal, three-helix Habc domain in the 
syntaxin Q-SNARE protein, plays a central role in activation of the SNARE proteins. As 
above, the Habc domain folds back on the neighboring SNARE motif, creating the closed 






conformation. Opening of the Habc domain switches to the active conformation, making the 
Q-SNARE motif accessible for assembly with two more SNARE motifs of the other Q-
SNARE protein(s) e.g. SNAP25b in the neuronal SNARE proteins. The activation step is 
regulated by the Sec1/Munc18 (SM) and tethering proteins in the neuronal SNARE complex 
and the final complex formation involves joining the R-SNARE protein (Vamp for neuronal 
SNARE proteins) to achieve the four-helix bundle. Of note, SNARE complex formation starts 
at the membrane-distal end (i.e. N-terminal) and progresses towards the C-terminal, 
membrane-proximal end, such that directionality enables the SNARE complex to work as a 
“molecular zipper”, bringing the vesicle and target membranes into nanometer proximity (Lou 
and Shin, 2016). Recently, experiments using single-molecule force spectroscopy have 
provided insights into the mechanical interactions driving SNARE complex assembly. 
Experiments showed that “unzipping” of a single SNARE complex occurs in three steps (Lou 
and Shin, 2016, Pinamonti et al., 2018): firstly, unzipping of the linker regions, secondly the 
C-terminal half of the SNARE motif, and thirdly, the N-terminal half. Various homologs of 
SNARE complexes share this three-step unzipping process, and conserve the ionic 0-layer, 
seen as the boundary separating the C-terminal and N-terminal unzipping steps. Study of the 
kinetic rates of three unzipping (and rezipping) steps according to mechanical tension showed 
the total free energy released on formation of a single neuronal SNARE complex 
(ΔGSNARE) was estimated to be 65 kBT (product of the Boltzmann constant, kB and the 
temperature, T) (Zhang, 2017). This is probably the largest free energy release quantified for 
quaternary protein complex formation or protein folding. Despite the huge free energy 
release, under mechanical tension greater than about 10 pN (picoNewton), the neuronal 
SNARE complex can remain in a partially assembled state, where only the N-terminal half is 
assembled and the C-terminal half remains disassembled (a trans-SNARE complex) (Yavuz et 
al., 2018). On diminishing the mechanical tension maintaining the partially assembled state, 
for example with additional SNARE complex formation or the action of fusion regulators, 
such as synaptotagmins, formation of the C-terminal half of the SNARE complex happens, 
bringing fusion of the two membranes (Ma and Burd, 2019, Zhou et al., 2017). The assembly 
and disassembly of SNARE complexes exhibit a pronounced hysteresis (Fasshauer et al., 
2002). Folding and unfolding states are separated by a kinetic barrier and are not able to 
balance on biologically relevant time scales (Fasshauer et al., 2002). The hysteresis appears to 
be the driving force for the membrane fusion reaction catalyzed by SNARE proteins.  
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Figure 1.9: Overview of vesicle docking and fusion showing the SNARE conformational 
cycle. At the beginning of the conformational cycle of SNARE proteins, the Q-SNARE 
proteins are localized on the acceptor membrane while the R-SNARE proteins are positioned 
on the vesicle. The free SNARE clusters composed of Q-SNARE proteins (Qa- ; Qb- and Qc-
SNARE proteins) form acceptor complexes due to SM proteins. The addition of R-SNARE 
proteins to these complexes form the trans-SNARE complexes. Each complex contains Qa- ; 
Qb- ; Qc- and R-SNARE proteins. Late regulatory proteins composed of complexins and 
synaptotagmins help the trans-SNARE complexes to change from a loose state to a tight state. 
The establishment of tight, trans-SNARE complexes accompanies opening of vesicles. At the 
end of the vesicle fusion, the trans-SNARE complexes relax into the cis-configuration. The 
cis-SNARE complexes are disassembled due to NSF and its cofactor α-SNAP. Qa- ; Qb- ; and 
Qc-SNARE proteins are respectively in red, light green and dark green. Concerning the 
disassembly proteins, NSF and α-SNAP are respectively in brown and violet. Modified from 
(Jahn and Scheller, 2006). 
 
1.1.3.2 SNARE complex disassembly by NSF–ATP and 
SNAP 
 
Partially assembled trans-SNARE complexes are readily dismantled by synaptosomal 
associated proteins (SNAPs) and ATP (Adenosine triphosphate) - hydrolyzing N-
ethylmaleimide sensitive fusion (NSF) protein for recycling for another round of membrane 
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fusion (Zhao et al., 2015). Intracellular fusion activity may be rapidly quenched on inhibition 
of NSFs and SNAPs, using N-ethylmaleimide or temperature-sensitive sec18 or sec17 yeast 
mutants, indicating that SNARE complex disassembly is essential for a continuous supply of 
unassembled SNARE proteins for nonstop membrane fusion. 
 
For competent disassembly, SNAPs and NSF sequentially bind to the complex to form a 
super complex known as the 20S complex (Zhao et al., 2015). Cryo-electron microscopy 
(cryoEM) has provided structural details of the 20S complex (Huang et al., 2019). Four SNAP 
proteins bind to each SNARE complex in an anti-parallel manner; the SNAPs also bind to the 
N-terminal domains of NSF, connecting NSF to the SNARE complex. NSF is a 
homohexamer and each subunit composes an N-terminal domain followed by two AAA+ 
(ATPases associated with various cellular activities) domains: D1 and D2 (White et al., 2018). 
The D2 domain layer has very slow ATP-hydrolytic activity and is mainly used for formation 
and maintenance of the NSF hexameric structure, while the D1 domain layer is likely the 
main motor that uses energy from ATP hydrolysis for SNARE complex disassembly (White 
et al., 2018). 
 
The cryoEM structures of NSF collected in various nucleotide-bound states indicate the large 
conformational changes happening in the NSF hexamer upon ATP hydrolysis (Huang et al., 
2019). These conformational changes pinpoint a combination of rupturing and unwinding 
motions, simultaneously used for effective disassembly of the SNARE complex. 
 
Indeed, another single-molecule study showed that NSF achieves SNARE complex 
disassembly within one round of ATP hydrolysis. This is notable, given the stability of the 
SNARE complex; suggesting a robust mechanical efficiency of NSF in SNARE complex 
disassembly. Probably this mechanical efficiency comes from the unique disassembly mode 
of NSF. While other AAA+ disassembly mechanisms, such as ClpX, induce distributed 
protein unfolding as they proceed along the polypeptide chain, NSF causes overall SNARE 
complex unfolding in one volley (White et al., 2018). Thus, NSF uses ATP hydrolysis to 
undergo the significant, complex conformational changes seen in the cryoEM (Huang et al., 
2019). On the contrary, the stable SNARE complex resists conformational changes of the 
NSF hexamer. SNAP proteins play a central role in this molecular tug-of-war, providing firm 
grips between the SNARE complex and NSF preventing NSF making conformational changes 
with minimal resistance and dissipating the mechanical tension. CryoEM studies exposed that 
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multiple salt-bridge interactions strengthen the firm grip of SNAPs to both the SNARE 
complex and NSF. Salt-bridge interactions are less dependent on specific amino acid 
sequences, which may explain how a rather small number of NSF and SNAP isoforms can 
disassemble a large number of varied SNARE complexes (more than 60 in mammalian cells). 
 
For the final disruption, NSF takes advantage of a point when the SNARE complex is shortly 
disrupted by thermal fluctuation to complete its conformational changes, so disassembling the 
SNARE complex in a chiefly spring-loaded manner. The detached SNARE proteins break 
away instantly from the 20S complex (Zhao et al., 2015). This immediate discharge prevents 
reassembly of the SNARE-20S complex. The regulatory N-terminal domains of several 
SNARE proteins and the physical separation of SNARE proteins by recycling the R-SNAREs 
back to the donor membrane also prevent reassembly (Zhao et al., 2015). 
 
 Regulation of SNAREs 
 
There is still debate about the exact molecular events inducing fusion, however, it is known 
that a number of other elements are necessary for SNARE-mediated membrane fusion in vivo. 
Many of these elements, collectively called SNARE regulators (e.g. Sec1/Munc18 (SM), 
synaptotagmin, GATE-16, LMA1, Munc13/UNC-13, synaptophysin, tomosyn, Vsm1, etc.), 
can directly bind to SNAREs to regulate SNARE assembly and their participation in 
trafficking. 
 
1.1.4.1 Regulation of SNARE complex function by SM and 
tethering proteins 
 
Reliable delivery of cargoes to the correct organelle requires both spatial and temporal 
regulation of the secretory and endocytic pathways. Indeed, a cellular signal, such as an 
incoming action potential at the synapse or a hormone binding to its receptor on the cell 
surface triggers the timing of most fusion events involving specific exocytic cargo. As above, 
SNARE proteins are kept inactive, and may be quickly and specifically released to bind to 
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each other upon proper vesicle delivery and/or stimulation. This regulation is accomplished 
by several different mechanisms, including: localization of SNARE proteins to distinct 
membranes by the precise transfer of vesicles from motors traveling along the cytoskeleton; 
intramolecular regulation by N-terminal inhibitory domains (e.g. the Habc domain described 
above); and by regulatory factors that activate the SNARE proteins at the right time and place. 
One such family of regulatory factors is the SM proteins (Archbold et al., 2014). SM proteins 
have multiple binding sites for SNARE proteins and numerous proposed functions in 
tethering, SNARE assembly, and fusion, although the molecular details are poorly 
understood. An important, SM protein, Vps33 (also a subunit of the HOPS tethering complex) 
binds assorted vacuolar SNARE proteins and appears to bring them in very close proximity to 
facilitate zippering from their N-terminal ends. 
 
The tethering factors represent the other class of important regulators, and are of two types: 
long coiled-coil tethering proteins (e.g. p115 and EEA1) and multi-subunit tethering 
complexes (e.g. exocyst, HOPS and COG) (Ungermann and Kummel, 2019, Yu and 
Hughson, 2010). Together with Rab GTPases (Stenmark, 2009), these regulators are 
suggested to tether vesicles and target membranes at large distance, provide quality control to 
ensure the correct vesicle is at the proper destination, and activate the SNARE proteins for 
fusion (Hutagalung and Novick, 2011, Dubuke and Munson, 2016, Goody et al., 2017). 
Recent in vitro liposome fusion assays suggest that the large size of multi-subunit tethering 
complexes (and perhaps the SM proteins) that bind to assembled SNARE complexes may 
help fusion by deforming the membranes and lowering the activation barrier. Interestingly, 
the neuronal-specific regulator Munc13 has a domain that is structurally homologous to many 
of the multi-subunit tethering complex subunits, and Munc13 cooperates with Munc18 to help 
drive neuronal SNARE complex assembly and fusion, suggesting interaction among tethering 
and SM proteins (Rizo and Sudhof, 2012). 
 
1.1.4.2 Specialized SNARE regulation at the neuronal 
synapse 
 
Although Ca2+ influx stimulates synaptic vesicle fusion in neuronal pre-synapses, it appears 
that SNARE-mediated membrane fusion is little affected by an increase in Ca2+ ion 
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concentrations (Brunger et al., 2019). Neurons actually use specific regulators to confer Ca2+ 
sensitivity to the zipping of SNARE motifs, the most prominent being members of the 
synaptotagmin (Syt) family (Rizo and Sudhof, 2012, Jahn and Fasshauer, 2012). It has been 
shown that Syt1, Syt2 and Syt9 are involved in synchronous exocytosis in different neurons. 
Syt1 is found on the synaptic vesicle membrane and is co-localized with VAMP2. It contains 
two C2 domains and one transmembrane domain and uses the C2 domains to capture multiple 
Ca2+ ions to then bind to negatively charged membranes with high affinity. In a model of 
neuronal SNARE complex assembly, binding to a regulator called complexin stalls the 
complex at its C-terminal SNARE motifs (Rizo and Sudhof, 2012, Jahn and Fasshauer, 2012). 
Ca2+ binding to Syt1 leads to its rapid recruitment to the nearby membranes, increasing the 
pulling tension between the two fusing membranes. In addition recent structural studies 
suggest that Syt1 actually participates in clamping the complex together with complexin. 
Ca2+ influx then repositions Syt1 at the fusion site and releases the SNARE complex from 
the clamped state. This drives complete assembly of the SNARE proteins towards the C-
terminal end and the linker region, which promotes the joining of the two membranes and 
pore formation. 
 
 Specificity of SNAREs 
 
Since the formulation of the SNARE hypothesis in the 1990s by Reinhard Jahn and Richard 
Scheller and the Nobel laureates Rothman & Südhof, it is still contested whether SNARE 
proteins contribute to the specificity of intracellular trafficking (Linial, 1997). Using the 
liposome fusion assay (McNew et al., 2000, Parlati et al., 2000, Parlati et al., 2002), Rothman 
and his team have regularly shown that SNARE complex assembly is extremely specific. 
Meaning that, fusion only happens between liposomes having cognate SNARE complexes, 
i.e. belonging to distinct intracellular membrane-trafficking pathways such as endoplasmic 
reticulum, Golgi apparatus, trans Golgi network, plasma membrane and lysosome pathways 
(Volchuk et al., 2004) (Figure 1.7). For example, the corresponding SNARE proteins for 
neuronal secretion are Syntaxin1a (Qa.IV-), SNAP25 (Qbc.IV-) and Synaptobrevin2 (R.IV-), 
while cognate SNARE proteins of the endoplasmic reticulum (ER) are Syntaxin18 (Qa.I-), 
Sec20 (Qb.I-), Use1 (Qc.I-) and Sec22 (R.I-SNARE). This led Rothman et al. to suggest that 
specificity is encoded in the fusion machinery and more precisely, in the SNARE motif 
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(McNew et al., 2000, Parlati et al., 2000, Paumet et al., 2004). However, several questions 
arose from the liposome fusion assay. Such as, 65% of the tested SNARE sets do not respect 
the rule of four SNARE coils constituting the QabcR-SNARE complex (McNew et al., 2000, 
Parlati et al., 2002). In addition, only half of the 35% of the cognate SNARE mix from yeast 
are able to form associated SNARE complexes with the liposomes. The specificity described 
by Rothman and his team then, could have two origins. First, the lipid bilayers could change 
the structure of a region near to the C-terminal transmembrane domain leading to SNARE 
specificity (McNew et al., 2000, Wiederhold et al., 2010). Second, the given pathway of the 
SNARE complex assembly could explain the SNARE specificity. Indeed, the interaction of 
SNARE motifs occurs in a defined order (Nicholson et al., 1998). Furthermore, others studies 
have shown that the specificity seems to be mediated by both lateral segregation and proof-
reading (Bethani et al., 2007), by appropriate assembly of Qabc-SNAREs (Izawa et al., 2012) 
as well as by trigger sites in Synaptobrevin (R.IV-SNARE), which is essential for SNARE 
zippering (Wiederhold et al., 2010). 
 
Around the same time, other research teams showed that SNARE proteins can form 
promiscuous complexes (Hohenstein and Roche, 2001, Tsui and Banfield, 2000, Wendler and 
Tooze, 2001). Firstly, some experiments showed redundancy between SNARE proteins such 
as VAMP3 (R.IV-) (Borisovska et al., 2005) and SNAP-23 (Qbc.IV-) (Sorensen et al., 2003), 
which are able to functionally substitute their respective homologues, Synaptobrevin2 (R.IV-) 
and SNAP-25 (Qbc.IV-SNARE) in vesicle fusion. Secondly, in vitro experiments showed that 
recombinant SNARE proteins are able to form stable non-cognate SNARE complexes. Unlike 
the cognate SNARE complexes assigned to distinct intracellular membrane-trafficking 
pathways, the non-cognate SNARE complexes are not present in vivo and are characterized 
by exchanging one helix coming from another intracellular membrane-trafficking pathway 
(Fasshauer et al., 1999, Yang et al., 1999). Through the high conservation of the interacting 
layer residues inside the bundle (Fasshauer et al., 1998b, Sutton et al., 1998, Antonin et al., 
2002), the formation of the non-cognate SNARE complexes is not surprising. Thirdly, 
additional experiments demonstrated that SNARE proteins are able to act in different 
intracellular trafficking steps, such as Vti1 (Qb.III-) (von Mollard et al., 1997, Fischer von 
Mollard and Stevens, 1999) and Ykt6p (R.II-SNARE) (Kweon et al., 2003). Consequently, 
the specificity of the SNARE proteins seems less strict than originally proposed (Sollner et 
al., 1993, Scales et al., 2000, Furukawa and Mima, 2014). Knowing that the assembly of 
SNARE proteins is unidirectional (Fasshauer et al., 2002); the assignment of SNARE proteins 
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to each intracellular membrane-trafficking pathway happens probably before SNARE 
complex assembly, i.e. during the regulation stage of SNARE assembly (Furukawa and 
Mima, 2014), involving the SM regulatory proteins (Shen et al., 2007). 
 
1.2 Origin of eukaryotes 
 
Unlike prokaryotic cells, which contain a single compartment enclosed by a cell membrane, 
eukaryotic cells are subdivided into many specialized internal membranes and structures 
called organelles. In eukaryotes, these organelles form a complicated endomembrane system 
including peroxisomes, endosomes, the endoplasmic reticulum (ER), the Golgi apparatus, the 
trans Golgi-network (TGN) and lysosomes.  
 
It includes another organelle, the mitochondrion. Commonly known as "power houses", 
mitochondria provide eukaryotes with energy in the form of ATP to meet their cellular needs. 
Mitochondria have features that make them very similar to bacteria such as a similar size and 
shape; an outer and inner membrane structure; reproduction by binary fission; a distinct, 
commonly circular genome, separate from the nuclear genome; homologous genes; and 
independent DNA replication and division. All these resemblances led to the hypothesis that 
mitochondria are derived from bacteria by a process named endosymbiosis, the so-called 
"endosymbiotic theory" (Mereschkowsky, 1905; Sagan (later Margulis), 1967). This theory 
assumes that bacteria evolved into mitochondria after being engulfed by a larger cell, thus 
paving the way for the evolution of cell complexity (Figure 1.10). Through ribosomal RNA 
analyses, it was established that α-proteobacteria are the most closely related free-living 








Figure 1.10: Cartoon showing the endosymbiotic theory. By endosymbiosis, α-
proteobacteria gave rise to mitochondria. α-proteobacteria and mitochondria are in blue; the 
host and eukaryotic cell are in yellow. Modified from (Sagan, 1967).  
  Host cell                                             Eukaryotic cell 
 




It is still unclear, however, what the level of complexity of the host cells were when they 
swallowed the α-proteobacteria. Were the host cells already cells that had most of the 
characteristics of today's eukaryotes or were they simpler prokaryotic cell types? This 
question bought studies that led to the identification of the host cells and towards 
understanding how, and in what order, they acquired their new traits. 
 
In the 1970s, using phylogenetic taxonomy of 16S ribosomal RNA, new microorganisms 
termed archaea were discovered (Woese and Fox, 1977). This discovery divided the 
prokaryotes into two branches (Figure 1.11), archaea and bacteria, thus leading to the 
establishment of “three domains of life”: bacteria, archaea and eukarya (Woese et al., 1990, 
Archibald, 2015). Despite being in the same category as prokaryotes, archaea and bacteria 
show variances in their metabolic activity, biochemistry and their genetic material. On the 
other hand, it was described that some archaeal genes and proteins are more closely linked to 
those of eukaryotes than to bacteria (MacLeod et al., 2019), suggesting that archaea and 
eukaryotes share a common origin. These comparisons support the idea that the archaeal host 







Figure 1.11: Overview of eukaryotic cell evolution. Phylogenetic tree showing the “three-
domains”: bacteria, archaea and eukarya. Eukaryotes and archaea have a common ancestor 
younger than bacteria. Bacteria, archaea and eukarya are respectively in yellow, green and 
blue. Modified from Selosse & Joyard, 2019. 
 
 
Although it is largely accepted that mitochondria are derived from α-proteobacteria, the 
identity of the archaeal host cell remains obscure. Through the discovery of a new archaeal 
superphylum called “Asgard archaea” (Figure 1.12), which includes Loki-, Thor-, Odin-, and 
Heimdall-archaeota, the identity of the archaeal host cell was enlightened (Seitz et al., 2019, 
Spang et al., 2015, Zaremba-Niedzwiedzka et al., 2017, Seitz et al., 2016, MacLeod et al., 
2019, Adam et al., 2017). Isolated by metagenomic analysis, these different Asgard lineages 
bacteria  archaea  eukarya  
 32 
seem to represent archaea having various eukaryotic characteristics. Knowing however, that 
the phylogenetic placement (Williams et al., 2013) of these four uncultivated archaea is based 
















Figure 1.12: Phylogenic tree showing that the Asgard archaea are the closest living 
relatives to the eukaryotes. Archaeal lineages are blue and green. Eukarya and bacteria are 
respectively in red and violet. DPANN and TACK are archaeal superphylum. DPANN: 
Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota 
(Narasingarao et al., 2012, Brochier-Armanet et al., 2011). TACK: Thaumarchaeota, 
Aigarchaeota, Crenarchaeota and Korarchaeota (Guy and Ettema, 2011, Kelly et al., 2011). 
Modified from (Eme et al., 2017). 
 
 
The arguments for the close relationship between Asgard archaea and eukaryotes stem from 
the identification of genes encoding ESPs (eukaryotic signature proteins) (Hartman and 
Fedorov, 2002) in Asgards (Spang et al., 2015, Klinger et al., 2016, Zaremba-Niedzwiedzka 
et al., 2017), previously exclusive to eukaryotes. Approximately 350 genes encoding ESPs 
were found, which authors distributed into ESPs associated with cytoplasm and 
membrane systems; with signaling systems; with the nucleus; ESP enzymes; and ESPs with 
unknown functions (Hartman and Fedorov, 2002). Among the genes coding for ESPs in 
Asgard archaea, they found membrane trafficking components (proteins from the ESCRT, 
TRAPP and COPII complexes), cytoskeletal elements (actin and tubulin homologues), and 





















Figure 1.13: Cartoon showing the different Eukaryotic Signature Proteins (ESPs) in 
Asgard archaea, Loki-, Thor-, Odin- and Heimdallarchaeota. Lokiarchaeota and 
Heimdallarchaeota are respectively in green and blue. Thorarchaeota are in orange and 
red and Odinarchaeota in yellow. Golgi: Golgi apparatus; ER: Endoplasmic Reticulum; 
ESCRT: Endosomal Sorting Complexes Required for Transport; DUB: Deubiquitinating 
enzyme; MVB: Multi Vesicular Body. Modified from (Zaremba-Niedzwiedzka et al., 
2017).  
 
1.2.1Components of archaeal membrane vesicle trafficking 
 
One of the main characteristics of eukaryotes is membrane trafficking, which transports 
various cargoes (proteins, lipids and other macromolecules) through cellular organelles. These 
internal movements take place through different complexes such as ESCRT (endosomal 
sorting complexes required for transport), TRAPP (transport protein particle) and COPII (coat 
protein complex II) (Figure 1.13). Interestingly some components of these complexes were 






Eukaryotic ESCRT machinery is composed of the cytosolic protein complexes, ESCRT-0, -I, 
-II, and -III. It plays an important role in cell mobility and plasticity, such as cytokinesis or 
late endosome budding (Makarova et al., 2010, Henne et al., 2011). Homologous genes for 
ESCRT, implicated in cytokinesis, were recognized in the archaeal TACK (Thaum-, Aig-, 
Cren- and Kor-archaeota) superphylum (Lindas et al., 2008, Ettema and Bernander, 2009). In 
addition, homologous genes for three ESCRT subcomplexes, implicated in late endosome 
budding, were identified in Lokiarchaeota Asgard archaea (Klinger et al., 2016). For 
example, SNF7-like sequence, where SNF7 is known to be affiliated to the ESCRT-III 
complex and involved in protein sorting and transport (Spang et al., 2015, Christ et al., 2017). 
Similarly, VPS4-like sequence; VPS4 is recognized as essential for rearranging the ESCRT-
III filaments in order to tighten and split the membrane (Spang et al., 2015, Christ et al., 
2017); and EAP30-domain protein (Vps22/36-like sequence), whose eukaryotic counterpart 
links to the ESCRT-II complex (Spang et al., 2015, Bulzu et al., 2019). Note that many other 
homologous genes for ESCRT were discovered in Asgard archaea (Bulzu et al., 2019). 
 
Trafficking protein particle complexes, also known as TRAPP complexes, play a role in 
different membrane-trafficking processes involving endoplasmic reticulum to Golgi apparatus 
and trans-Golgi transport (Sacher et al., 2008). In Lokiarchaeota and other archaea, 
homologous genes for Bet3 subunit of TRAPP1 were detected through their V4R (4-vinyl 
reductase) domain proteins (Podar et al., 2008, Klinger et al., 2016). In addition, phylogenetic 
analyses of the eukaryotic TRAPP-C3, -C5, and -C6 and also the Thorarchaeal TRAPP 
domain sequences, show that they are monophyletically grouped, suggesting that the ancestry 
of the eukaryotic TRAPP family proteins -C3, -C5 and -C6 could be archaeal (Podar et al., 
2008, Zaremba-Niedzwiedzka et al., 2017). 
 
In eukaryotes, COPII is a type of vesicle coat protein that transports proteins or other 
macromolecules from the endoplasmic reticulum to the Golgi apparatus. Six proteins are 
implicated in the formation of COPII complexes, including Sec12, Sar1, Sec23, Sec24, Sec31, 
and Sec13 proteins. Some of these proteins dimerize to form larger protein complexes such as 
Sec23 with Sec24 making a heterodimer, and Sec13 with Sec31 making a heterotetramer. 
These different complexes then assemble into cages, which deforms the membrane, thus 
producing a vesicle (Albers and Meyer, 2011). In Asgard archaea and more precisely in 
Thorarchaeota, homologous genes for Sec23/24 were identified (Zaremba-Niedzwiedzka et 
al., 2017). Structure prediction analysis of these Thorarchaeota Sec23/24 homologues further 
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reveals some common structures with their eukaryotic neighbors, such as their trunk, zinc-
finger, and β-sandwich domains (Zaremba-Niedzwiedzka et al., 2017). Altogether, 
phylogenetic analysis of the Thorarchaeota homologues of Sec23/24 indicate an archaeal 
ancestry of the eukaryotic proteins (Zaremba-Niedzwiedzka et al., 2017).  
 
Whole sets of membrane trafficking complexes were not discovered however, in the Asgard 
archaea, suggesting that Asgard eukaryotic-like proteins may play other roles in Asgards, or 
perhaps other Asgard proteins have the same function as the missing eukaryotic proteins. 
However, it seems likely that the starting point for the evolution of a membrane trafficking 
system in the ancestor of Asgards and eukaryotes is represented by the few building blocks 
found in Asgards. 
 
1.2.2 Elements of the archaeal cytoskeleton  
 
Another characteristic of eukaryotic cells is the cytoskeleton, which is a dynamic and 
complex network of interconnected protein filaments present in the cytoplasm of eukaryotic 
cells. It consists of three major classes of elements that differ in protein composition and size: 
actin filaments, microtubules, and intermediate filaments, which are respectively, composed 
of actin, tubulin, and different subunit proteins. A multitude of functions can be performed by 
the cytoskeleton such as maintaining the shape and internal organization of cells and 
organizing the pathway that cytoskeleton-associated motor proteins drive organelle 
movements (Wagstaff and Lowe, 2018). Although it is unclear how eukaryotes acquired their 
degree of cytoskeletal complexity, the presence of eukaryotic cytoskeleton homologues in 
Asgard archaea, such as actin and tubulin (Figure 1.13), suggests that a primitive cytoskeleton 
exists in Asgards (Wagstaff and Lowe, 2018). 
 
As one of the three major components of the cytoskeleton, actin filaments participate in many 
important cellular processes, including the establishment and maintenance of cell junctions 
and cell shape, cell division and cytokinesis, cell signaling, cell motility, and vesicle and 
organelle movement. In the genome of Asgardarchaeota, homologous genes for actin, actin-
binding protein (profilin) and actin regulatory protein (gelsolin) were identified (Spang et al., 
2015, Akil and Robinson, 2018). Concerning actins, phylogenetic analysis has shown that 
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archaeal actin-like proteins have a different clade from eukaryotic actins, suggesting that they 
are related to the eukaryotic actins (Spang et al., 2015, Zaremba-Niedzwiedzka et al., 2017, 
Akil and Robinson, 2018). The archaeal actins shows 58–60% identity at the protein-sequence 
level to human cytoplasmic β-actin and 52–62% identity to actins in the rest of the eukaryotes 
(Akil and Robinson, 2018). Among the archaeal actin-like proteins, the Lokiarchaeal actins 
(Lokiactins) are the most similar to eukaryotic actins indicating that Lokiactins and eukaryotic 
actins have a common origin (Spang et al., 2015). Actin-binding proteins called profilins were 
also found in Asgard archaea. Biochemical experiments show that Asgard profilins modulate 
polymerization of mammalian actin (Akil and Robinson, 2018). Furthermore, the X-ray 
crystal structure of Loki profilins indicates a resemblance to eukaryotic profilins, except for 
the length of the helices and loops. A particularly wide loop (Loki loop) is present in Loki 
profilins 1 and 2, but not in Loki profilin 3, suggesting a different function (Akil and 
Robinson, 2018). The Lokiarchaeum genome also encodes proteins containing gelsolin-like 
domains (Spang et al., 2015). Known as a key regulator of actin filament assembly and 
disassembly (Archibald, 2015), gelsolins were additionally found in Thorarchaeota, with 
equivalent structures and functions to eukaryotic gelsolins (Akıl et al., 2019). 
 
Microtubules, the other major component of the cytoskeleton in eukaryotes, are long empty 
cylinders made of polymerized dimers of α- and β-tubulins. They are very important in a 
number of cellular processes such as cell division (mitosis and meiosis) and vesicle and 
organelle movement. In contrast to homologous genes for actin, which are present in all four 
Asgard archaea (Loki-, Thor-, Odin-, and Heimdall-archaeota), homologous genes for 
tubulins are only present in Odinarchaeota (Zaremba-Niedzwiedzka et al., 2017). 
Phylogenetic analysis of the Odinarchaeota tubulins suggest an archaeal ancestry of the 
eukaryotic tubulins (Zaremba-Niedzwiedzka et al., 2017). Note that in the TACK (Thaum-, 
Aig-, Cren- and Kor-archaeota) superphylum, the Thaumarchaeum genome also encodes 
tubulin-like proteins (artubulins) but they are less closely related to eukaryotic tubulins than 
those reported in Odinarchaeota (Yutin and Koonin, 2012, Zaremba-Niedzwiedzka et al., 
2017). 
 
The discovery of actin- and tubulin-like proteins suggests therefore a dynamic network of 
interlinking protein filaments in Asgards and their common ancestor with eukaryotes. To have 
a functional eukaryotic cytoskeleton, cytoskeletal motor proteins are essential. Indeed, myosin 
(actin motor) moves along microfilaments through interaction with actin, while dynein and 
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kinesin (microtubule motor) moves along microtubules through interaction with tubulins. No 
homologous genes for cytoskeletal motor proteins however, were detected in Asgard archaea 
(Wagstaff and Lowe, 2018), suggesting that the motor proteins arose during eukaryotic 
evolution.  
 
1.2.3 Features of archaeal Ras GTPases 
 
In eukaryotes, the Ras superfamily of small GTPases, including Arf, Rab, Ran, Ras, and Rho 
GTPases, regulate a wide variety of processes in the cell such as nucleocytoplasmic transport, 
cytoskeletal reorganization, and vesicular trafficking (Takai et al., 2001, Goitre et al., 2014). 
Unlike bacterial and other archaeal genomes, the genome of Lokiarchaeota divulged many 
Ras-superfamily GTPases (Figure 1.13), involving approximately 2% of the Lokiarchaeal 
proteome (Spang et al., 2015). For comparison, this large quantity of Lokiarchaeal small 
GTPases is equivalent to that found in some unicellular eukaryotes. Phylogenetic analysis of 
the Lokiarchaeota small GTPases suggest an archaeal ancestry of the eukaryotic small 
GTPases through genomic expansion of small GTPases (Spang et al., 2015). This discovery 
updates the previous hypothesis, which suggested that eukaryotic small GTPases were from 
the α-proteobacterial mitochondrial ancestor (Yutin et al., 2009). 
 
In intracellular signaling pathways, small GTPases act as molecular switches. Each can be 
inactivated by a GTPase activation protein (GAP), and activated by a guanine nucleotide 
exchange factor (GEF). Despite the huge quantity of Lokiarchaeal Ras-like GTPases 
discovered, no significant hits for a GAP or GEF-like protein were found (Klinger et al., 
2016). However, numerous Roadblock and Longin-domain proteins were discovered in the 
genomes of Lokiarchaeota (Spang et al., 2015, Klinger et al., 2016). In eukaryotes, roadblock 
and longin domain proteins appear among the proteins that regulate GTPases (Levine et al., 
2013, Klinger et al., 2016). Roadblock domains, for example, were detected in GAP and GEF 
activity such as in the RLC7 family proteins and the Ragulator-Rag complex, while some 
longin domains were identified in GEF activity such as the Rab-GEF (TRAPP complex) 
(Levine et al., 2013, Spang et al., 2015, Klinger et al., 2016). A closer inspection of Asgards 
showed that roadblock and longin domains were fused to small GTPases. More precisely, 
some studies revealed that roadblock domains were fused to the Ras-like and Rag-like 
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GTPases (Klinger et al., 2016) whereas longin domains were fused to the Arf-like GTPases 
(Spang et al., 2015, Klinger et al., 2016). Roadblock and longin domains might thus be 
involved in the regulation of GTPases (GAP / GEF activity); suggesting that the archaeal 
ancestor of GAPs and GEFs could be these domains. 
 
Despite that Asgard archaea bridges the gap between simple prokaryotes and highly 
compartmentalized eukaryotes (with peroxisomes, endosomes, ER, Golgi apparatus, TGN and 
lysosomes), no study showed the existence of SNARE proteins, which are fundamental to 
vesicle-mediated membrane trafficking in Asgard. Some studies suggested that SNAREs 
either were lost from the archaeum or only emerged later in eukaryotic evolution (Klinger et 
al., 2016).  
 
1.3 Beyond eukaryotes 
 
Many intracellular pathogens, such as bacteria and large viruses, use the endomembrane 
systems of their eukaryotic host cells to enter, survive and replicate within them (Omotade 
and Roy, 2019). Entry is via eukaryotic cells using their plasma membrane to engulf 
pathogens, giving rise to phagocytic vacuoles or phagosomes. This type of endocytosis, 
known as "phagocytosis", is the main route of entry of pathogens into eukaryotic cells. To 
avoid phagosome-lysosome fusion and resulting degradation, intracellular pathogens have 
developed various strategies, to modify the trafficking of host cell membranes, such as the 
endoplasmic reticulum - Golgi apparatus (ER-Golgi) (Cornejo et al., 2017, Weber and Faris, 
2018). This hijacking of membrane trafficking also allows bacteria and large viruses to 
replicate in very large quantities. Nevertheless, the important steps of the infection cycle, 
including entry, survival and replication are largely unknown so far. Among all these 
interrogations, an intriguing question is whether bacteria or viruses hijack membrane 
trafficking by expressing trafficking factors themselves, including SNARE proteins. 
 
1.3.1 Legionellales, an order of the γ-proteobacteria 
	
While numerous respiratory diseases are initiated by extracellular bacterial pathogens, a 
significant lung infection is caused by an intracellular pathogen, legionnaire's disease 
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(Gomez-Valero and Buchrieser, 2019). Legionella pneumophila, the gram-negative pathogen 
responsible for legionnaire's disease, infects human alveolar macrophages during illness while 
infecting amoebas in the wild. In both cases, L. pneumophila uses the endomembrane systems 
of their eukaryotic host cells to enter, survive and replicate within them. 
 
1.3.1.1 Legionella uses the endomembrane system to enter 
the host   
 
To enter the eukaryotic host (Figure 1.14), L. pneumophila uses the endomembrane system 
via phagocytosis; in which the plasma membrane of the eukaryotic host cells engulf the 














Figure 1.14: Cartoon showing L. pneumophila using the endomembrane systems of their 
eukaryotic host cell to enter, survive and replicate within them. 1) The bacterium 
attaches to the host cell membrane, then the host engulfs the bacterium by phagocytosis. 
Through the Dot/Icm type IV secretion system, L. pneumophila injects effectors to control 
the formation of Legionella-Containing Vacuoles LCVs. 2) ER-derived vesicles and 
mitochondria move to interact with the LCV (Horwitz, 1983). 3) Then, ribosomes from 
rough ER migrate to the LCV (Roy and Tilney, 2002). L. pneumophila, Legionella-
effectors, mitochondria, vesicles and ribosomes are respectively in orange, red, green, clear 
blue and dark blue.  Dot/Icm: Dot/Icm type IV secretion system of L. pneumophila. ER: 
Endoplasmic Reticulum. LCV: Legionella-Containing Vacuole. Modified from (Allombert et 









During phagocytosis, several factors seem to be involved in the attachment of the bacteria to 
the eukaryotic surface. On the bacterial surface, most were identified as virulence factors such 
as, the structural toxin RtxA (repeats-in-toxin A), pili type IV, LadC (L. pneumophila-specific 
adenylate cyclase), LpnE (L. effector protein), MOMP (major outer membrane protein), 
Hsp60 (Heat shock protein 60), Lcl (L. pneumophila collagen-like protein) and EnhC 
(enhanced entry protein) (Hoppe et al., 2017). 
 
In contrast, on the eukaryotic host cell surfaces, only two receptors involved in attachment 
were identified: Gal/GalNAc (galactose-/N-acetylgalactosamine-binding lectin) and CR1-3 
(complement receptors) (Hilbi et al., 2014). The lack of information on attachment 
mechanisms suggests that other factors could be involved in the attachment of extracellular 
bacteria to the surface of eukaryotes, such as SNARE proteins, which are attachment proteins 
crucial in eukaryotic membrane fusion. 
 
1.3.1.2 Legionella hijacks the membrane traffic system to 
survive and replicate in the host 
 
Following internalization into host cells, some bacteria such as Rickettsia can escape the 
phagosomes to replicate in the cytoplasm. Others, such as the gram-negative pathogen 
Legionella pneumophila, inject effector proteins into the host’s cytoplasm that modulate the 
activity of trafficking factors such as SNARE proteins and a large number of Rab family 
small GTPases (Itzen and Goody, 2011, Hutagalung and Novick, 2011). The effector proteins 
prevent fusion of the phagosomes to lysosomes and instead promote fusion of ER-derived 
vesicles with the phagosome to produce an ER-like vacuole. Known as “Legionella-
Containing Vacuoles” (LCVs), these intracellular compartments allow an increased 
efficiency of replication of bacterial particles, which protects them from host defenses (Figure 
1.14 and Figure 1.15). 
 
Among the 300 different effector proteins injected by Legionella (Weber and Faris, 2018), 
some Legionella-effector proteins seem to act as typical eukaryotic SNARE proteins such as 
LegC (Legionella eukaryotic-like gene C), including LegC 2, 3 and 7 (de Felipe et al., 2008, 
Shi et al., 2016). However, the SNARE-like proteins described so far in pathogenic bacteria 
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are not true SNARE proteins but proteins with coiled-coil regions that can interact with true 
SNARE proteins. The bacterial factors are thought to mimic SNARE proteins in order to 
hijack vesicle trafficking (Figure 1.15.I).  
 
Furthermore, other Legionella-effector proteins such as DrrA (daunorubicin/doxorubicin 
resistance ATP-binding protein) are sufficient to stimulate non-cognate SNARE complexes 
and facilitate membrane fusion (Arasaki et al., 2012). Indeed, through Drra, a SNARE protein 
from the endoplasmic reticulum, mSec22b (R.I-SNARE) seems to interact with SNARE 
proteins from plasma membrane, Syntaxins 2, 3, 4 and SNAP 23 (Qa. and Qbc.IV-SNARE) 
to hijack vesicle trafficking (Arasaki and Roy, 2010) (Figure 1.15.II).  
 
Although other effectors seem to have a few similarities with SNARE proteins such as IncA 
(integral inclusion membrane) effector of Chlamydia (Delevoye et al., 2008, Paumet et al., 
2009), no data show that Legionella, and more generally Legionellales encode true SNARE 

















Figure 1.15: Cartoon showing L. pneumophila manipulating the endomembrane systems 
by using SNARE-like proteins. I) Hijacking of derived vesicles by injecting Legionella-
effectors (LegCs= LegC 2, 3 and 7). II) Hijacking of derived vesicles by recruiting SNARE 
proteins from their host cells. The two ways of hijacking (I and II) lead to the formation of 
LCV. Syntaxin 2, 3, 4 and SNAP 23 are SNARE proteins from the plasma membrane while 
mSec22b are SNARE proteins from ER. LCV: Legionella-Containing Vacuole. LegCs: 
Legionella eukaryotic-like genes C. Modified from (Shi et al., 2016).  
II                 I
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1.3.2 Giant viruses, the largest known viruses 
 
Unlike prokaryotic and eukaryotic cells, viruses are non-cellular. Viruses infect living 
organisms, from animals and plants to microorganisms. Fifteen years ago, giant viruses 
were discovered that are about 10 times the sizes of viruses found up until then. Among 
them Acanthamoeba polyphaga mimivirus (named APMV or Mimivirus) was the first 
"giant virus" discovered (La Scola et al., 2003, Raoult et al., 2004). The discovery of a 
giant virus revolutionized the discipline of virology with the identification of genes encoding 
ESPs (eukaryotic signature proteins), i.e. genes encoding proteins previously considered as 
signatures of a cellular organism (Raoult et al., 2004).  
 
Among these genes coding ESPs, some are glycosylating enzymes, numerous, DNA 
polymerase subunits, DNA site-specific endonucleases, and DNA methyltransferases. Since 
the discovery of Mimivirus, more than a hundred giant viruses have been recognized after 
large-scale metagenomic sequencing of the aquatic (Aherfi et al., 2016, Andreani et al., 
2018) and unexplored ecosystems (Andrade et al., 2018, Backstrom et al., 2019), revealing 
that they are therefore common in nature.  
 
Nowadays, giant viruses belong to the nucleocytoplasmic large DNA virus clade (NCLDV), 
characterized by large capsids and genomes that code for up to 2,500 genes (Colson et al., 
2013, Koonin and Yutin, 2019). These giant viruses or NCLDV are classified into nine 
families (Figure 1.16) including Mimiviridae (Suzan-Monti et al., 2006, Claverie et al., 2009), 
Marseilleviridae (Boyer et al., 2009, Colson et al., 2013), Pandoraviridae (Philippe et al., 
2013), Pithoviridae (Legendre et al., 2014), Ascoviridae, Asfarviridae, Poxviridae, 
Iridoviridae and Phycodnaviridae (Iyer et al., 2001). Most of them share about 40 genes 
encoding proteins implicated in formation and replication of viruses, suggesting that the 
















Figure 1.16: Overview of the classification of giant viruses. Chart showing the 
superfamily, family and genus of giant viruses. NCLDV is the superfamily of giant viruses. 
Mimiviradae, Marseilleviridae, Pandoraviridae, Pithoviridae, Ascoviridae, Asfarviridae, 
Poxviridae, Iridoviridae and Phycodnaviridae composed of nine families of giant viruses. 
Among the nine families, each is composed of several subfamilies or genera. As an 
example, Mimivirus, Tupanvirus, Cafeteriavirus and Klosneuvirus belong to Mimiviradae 
subfamily. NCLDV: Nucleocytoplasmic Large DNA Viruses. APMV: Acanthamoeba 
polyphaga mimivirus. Updated from (Barik, 2018). 
 
1.3.2.1 Mimivirus uses the endomembrane system to enter 
the host   
 
Giant viruses have a wide host range from single cell amoebae (e.g. Mimivirus) to humans 
(e.g. Poxviridae). Mimivirus, which means "mimicking a microbe", is a particularly 
interesting model for studying the biology of giant viruses because it replicates very rapidly in 
the Acanthamoeba host, inducing lysis in less than 24 hours with a production of more than 
108 virions per ml (Colson et al., 2017, Yaakov et al., 2019). The Mimivirus is enveloped by 
an icosahedral capsid about 500 nm in diameter, which is then protected by a dense layer of 
fibrils (fiber proteins) giving the Mimivirus an extraordinary total diameter of 750 nm and a 
“hairy” appearance.  (Xiao et al., 2005). During the first steps of the infection cycle (Figure 
1.17), Mimivirus attaches to the membrane of the host cell through its fibrils, which recognize 
























Figure 1.17: Cartoon showing the Mimivirus (APMV) infectious cycle in amoebae. 1) 
Attachment /Adsorption: the giant virus attaches to the host cell membrane and then the 
host engulfs the giant virus by phagocytosis. 2) Uncoating: viral contents are completely 
released into the cytoplasm of the parasitized cell. 3) Primary transcription/Translation. 
4/5) Virus factory: genome replication - intermediate and late transcription - membrane 
assembly - capsid assembly; 6) Virion release: unlike other viruses, Mimivirus releases a 
very large number of virions, i.e. 1000 virions for each lysed cell host. Large red and blue 
circles correspond respectively to the virion factory and nucleus. ER: Endoplasmic 
reticulum. Modified from (Abergel et al., 2015). 
 
 
The giant viruses are then engulfed by phagocytosis, an actin-driven pathway active in 
phagocytic cells, allowing viruses to enter. Once Mimivirus is in a phagocytic vacuole (or 
phagosome), an inimitable "stargate" structure of the virus opens, causing fusion between 
the inner viral membrane and the membrane of the phagosomes (Zauberman et al., 2008). 
This fusion allows the viral genome to empty into the host cytoplasm where it is the 
starting point for the formation of intracellular compartments. Known as “virus factories”, 
these intracellular compartments act to increase the efficiency of replication-assembly of 
virus particles and protect them from host defenses (Colson et al., 2017). On comparing 
"virus factories" for Mimivirus and "LCV" for L. pneumophila, both appear to play a 
similar role in their eukaryotic host cells, i.e. to protect and replicate pathogens within the 




1.3.2.2 Mimivirus hijack membrane traffic to replicate and 
assemble in the host 
 
By analogy with intracellular bacteria such as L. pneumophilia, the establishment of virus 
factories involves the recruitment of host factors and colossal rearrangements of cell 
membranes (Figure 1.17). In the last decade, it has been shown that the ER vesicles of the 
hosts are hijacked from their main locations to migrate in the direction of the virus factories. 
The hijacking of the ER vesicles appears to be involved in viral replication and assembly 
(Mutsafi et al., 2013). Despite these steps of the viral infection cycle being poorly understood, 
a crucial step in Mimivirus assembly was recently clarified. Indeed, the formation of internal 
viral membranes surrounding the viral genome appears to occur at the periphery of the virus 
factories through ER-derived vesicles (Mutsafi, Shimoni, Shimon, & Minsky, 2013). But 
currently, key steps of the viral life cycle involving membrane dynamics, namely membrane 
fusion during virus entry as well as host membrane rearrangements during viral replication 
and assembly, remain obscure. Through phylogenetic analysis, genes encoding different 
eukaryotic trafficking proteins were identified in the genome of several giant viruses. Some of 
these genes appear to correspond to SNARE proteins, SM proteins, Rab proteins and to the 
SNARE disassembly machinery consisting of the ATPase NSF-like protein (Raoult et al., 
2004, Kloepper et al., 2007, Zade et al., 2015). This suggests that by lateral gene transfer 
giant viruses have taken up eukaryotic genes involved in membrane trafficking. Probably 
these factors play a role in the entry and replication of the viruses in the host cell. Up to now, 
no true eukaryotic trafficking proteins such as SNAREs, SMs, Rabs and NSF-like protein, 
have been detected in giant viruses and more generally in viruses.  
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CHAPTER 2:  
AIM OF THE WORK 
 
Eukaryotic cells contain several different sets of SNARE [soluble NSF (N-ethylmaleimide-
sensitive fusion protein) attachment protein receptor] proteins that exhibit an organelle-
specific distribution. These sets catalyze vesicle trafficking steps between different 
compartments. The complex-forming SNARE domains of SNARE proteins are highly 
conserved and can be classified based on their sequences into four major types (Qa-, Qb-, Qc- 
and R-SNAREs). These main types reflect their different positions within the four-helix 
bundle. Each major type can be further classified into distinct subtypes (e.g. Qa.I, Qa.II, 
Qa.III … etc.) that work in specific trafficking steps. About 20 different SNARE subtypes 
were established that probably represent the original repertoire of the LECA (last eukaryotic 
common ancestor). Each of the SNARE subtypes has a specific sequence signature of 
residues involved in the core of the four-helix bundle, suggesting that they might only interact 
in cognate interactions, whereas noncognate assemblies might not be tolerated. Most insights 
into how SNARE proteins work have been achieved through studies on the SNARE complex 
involved in secretion and endosomal trafficking. In particular, the SNARE proteins involved 
in neuronal communication have been studied intensively biochemically and in vivo.  
 
So far, more divergent complexes such as the ER (endoplasmic reticulum)-SNARE complex 
have been somewhat neglected. The start of my project involved investigating ER complex 
formation in order to understand its assembly pathway and whether this complex functions in 
a similar way as the known SNARE units of the neuronal pathway. Does its assembly occur 
stepwise? Does an SM (Sec1/Munc18) protein control its assembly?  
 
As the subunits of the ER-SNARE complex have different sequence signatures than those of 
the neuronal SNARE complex, I went on to investigate whether it was possible to exchange 
subunits between the two complexes. Surprisingly, it turned out that subunit exchanges were 
largely tolerated and I broadened this approach using other SNARE proteins to form other 
 47 
non-cognate complexes. My results suggest that most exchanges are tolerated biochemically 
as long as subunits from each major type are used.  
 
This resilience to exchange allowed me to extend this concept to testing the ability of viral 
and prokaryotic SNARE-like sequences to form SNARE complexes. In that respect, I tested 
SNARE proteins that were apparently transferred laterally into the genomes of viruses (giant 
viruses) and some pathogenic bacteria SNAREs that can be considered to be true SNARE 
proteins.  
 
In addition, I tested SNARE-like sequences, from an α-proteobacterium (the closest relative 
of mitochondria) and two Heimdallarchaeota (the closest living relatives of eukaryotes) that 
might be an ancestor of eukaryotic SNARE proteins. I wanted to find out which one of the 
two might be the ancestral SNARE protein that gave rise to the eukaryotic vesicle fusion 
machinery. This could also help to address the question of whether the endomembrane system 
of eukaryotes was present before the mitochondria were acquired, or whether it arose 
afterwards. My results suggest that the diverse set of eukaryotic SNAREs evolved from an 
archaeal precursor. 
 
In order to perform the investigation of the ER-SNARE complex, the specificity of SNAREs 
and beyond eukaryotic SNARE’s, and the origin of SNARE’s, I performed different 
biochemical tests ranging from the more simple denaturing and non-denaturing gel 








MATERIALS AND METHODS 
 
3.1 Chemical solutions 
 
The chemical solutions used in this study were bought from different companies, including: 
Acros®, AppliChem®, Bio-Rad®, Boehringer Mannheim®, Formedium®, Roth® and SERVA®. 
All chemicals used in the study are listed below: 
 
- Acetic acid (Acros®) 
- Acrylamide/Bisacrylamide solution (SERVA®) 
- Agar (Formedium®) 
- Agarose, low EEO (AppliChem®) 
- APS = Ammonium persulfate (Roth®) 
- Bradford-Reagent (Biorad®) 
- Coomassie Brilliant Blue R-250 (SERVA®) 
- DNase I (Boehringer Mannheim®) 
- DTT = Dithiothreitol (Formedium®) 
- EDTA disodium (Formedium®) 
- Ethanol (Merck®) 
- Glycine (Sigma®) 
- Hydrochloric acid (Acros®) 
- Imidazole (Roth®) 
- Isopropanol (Merck®) 
- IPTG = Isopropyl-β-D-thiogalactoside (Formedium®)  
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- Kanamycin (Roth®) 
- Lysozyme (Roth®) 
- MgCl2 = Magnesium chloride (Roth®) 
- Methanol (Merck®) 
- PMSF = Para methyl sulphonyl fluoride (AppliChem®) 
- Sodium chloride (Roth®) 
- SDS = Sodium dodecyl sulfate (Bio-Rad®) 
- TEMED = N, N, N, N- Tetramethylethylenediamine (Bio-Rad®) 
- Tricine (AppliChem®) 
- Tryptone (Formedium®) 
- Tris = Tris (hydroxymethyl)-aminomethane (Merck®) 
- Triton X-100 (Roth®) 
- Tween 20 (Roth®) 
- Urea (Roth®) 




In order to perform the experiments, the following instruments were used in the study: 
 
- ÄKTA explorer, GE Healthcare Life Sciences ® 
- ÄKTA purifier plus, GE Healthcare Life Sciences® 
- Allegra X-30 Series centrifuge, Beckman Coulter® 
- Cary 50 Bio UV-VIS Spectrophotometer, Varian® 
- Chirascan CD Spectrometer® 
- Mini-PROTEAN Tetra Cell, Bio-Rad® 
- Mono Q HR 10/10 column, GE Healthcare® 
- Mono S HR 10/10 column, GE Healthcare® 
- Nickel Chelating Resin, Biosciences® 
- Superdex 200 10/300 exclusion column, GE Healthcare®  
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3.3 DNA constructs  
 
All DNA constructs for bacterial expression of proteins used in the study were ordered from 
GenScript® in their pET-28a (+) expression vector. The list of DNA constructs from 
eukaryotes is shown in Table 3.1 and the list of DNA constructs from bacteria, archaea and 















Mus musculus Syntaxin 18 229-312 
Mus musculus Syntaxin 5 199-280 
Mus musculus Syntaxin 16 191-281 
Mus musculus Syntaxin 1a 180-262 
Mus musculus Sec 20 133-198 
Mus musculus SNAP-25b 1-206 
Mus musculus SN1 (first helix of 
SNAP-25b) 
1-83 
Mus musculus SN2 (second helix of 
SNAP-25b) 
120-206 
Mus musculus Me_SNAP = 
Membrin + Bet 1 
119-189 +  
1-95 
Mus musculus SNAP1 = 
Membrin + Use 1 
119-189 +  
174-239 
Mus musculus Go_SNAP = 
Gos 28 + Gs 15 
156-227 +  
1-86 
Mus musculus U_SNAP 
Sec 20 + Use 1 
133-198 +  
174-239 
Mus musculus SNAP2 = 
Sec 20 + Bet 1 
133-198 +  
1-95 
Mus musculus Use 1 174-239 
Mus musculus Vamp 7 122-185 
Mus musculus Ykt 6 129-198 
Mus musculus Sec 22 128-195 
Mus musculus Synaptobrevin 2 1-96 
 
Table 3.1: DNA constructs from eukaryotes. All constructs containing two proteins are 





















Legionella cherrii DSM 
19213 
Leg_Qbc 1-209 














Klosneuvirus KNV1 Klos_Qa 1-95 
Klosneuvirus KNV1 Klos_R 114-174 
Tupanvirus soda lake Tupan_R 113-173 
 
Table 3.2: DNA constructs from bacteria, archaea and viruses. aa: amino acid 
 
3.4 Transformation of E. coli competent cells 
 
The preparation of heat-competent bacterial cells (E. coli BL21_DE3) was carried out in 
several steps: firstly, 50 ml of bacterial culture were grown in Luria Broth (LB -Formedium) 
medium at 37 ̊C overnight. The next day, 100 ml of fresh LB medium were added. Bacterial 
cultures were incubated at 37 ̊C until the OD600nm (Optical Density) reaches 0,4-0,5. Bacterial 
suspensions were then transferred to 50 ml-Falcon® tubes and kept on ice for 5 min. After 
that, they were centrifuged at 3 000 rpm (Revolutions Per Minute) for 3 min at 4 ̊C. 
Supernatants were removed. For each pellet, 5ml of a sterile solution of 0,1 M CaCl2 were 
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added. Pellets were resuspended gently on ice and kept on ice for 30 min. Centrifugations 
were performed at 2 000 rpm for 3 min at 4°C then supernatants were removed. For each 
pellet, 1 ml of a sterile solution of 0,1M CaCl2 + 15% glycerol were added. Pellets were 
resuspended gently on ice. Aliquots to 50 µl of cells were pipetted into Eppendorf tubes and 
stored at -80°C. 
 
3.5 Protein expression 
 
All recombinant proteins were cloned into the pET-28a (+) expression vector, containing an 
N-terminal HisX6 tag that can be removed by thrombin cleavage. The plasmids were used to 
transform E. coli BL21 (DE3) competent cells. 2 µl of plasmid (100 ng/µl) were added to 50 
µl of competent cells and left on ice for 15 min for each reaction. Then the competent cells 
were subjected to heat shock at 42 ̊C for 1 min. Transformed cells were incubated for 1hr at 
37 ̊C with 300 µl of LB without antibiotics and afterwards grown overnight on agar petri 
dishes containing 50 µg/ml kanamycin for selection. The next day, single colonies were 
picked for starting an overnight culture in LB containing 50 µg/ml kanamycin. 5 ml of 
overnight culture were added to 500 ml LB in 2-liter flasks with 50 µg/ml kanamycin. 
Expression of the protein was induced at an OD600nm of around 0.4-0.6 at 37 ̊C with 1 mM 
IPTG. Protein expression was conducted at 37 ̊C for 3 hrs. Bacterial cells were harvested by 
centrifugation at 3000 rpm for 15 min and the cell pellet was resuspended in Ni2+-washing 
buffer (20 mM Tris pH 7.4, 500 mM NaCl, 8 mM Imidazole). The resulting pellets were 
frozen at -20 ̊C. 
 
3.6 Protein purification 
 
In order to purify the recombinant proteins, successive steps of protein conservation and 
elimination were performed to separate the protein of interest from all others exploiting 




3.6.1 Affinity chromatography 
 
For affinity purification, the expressed protein cell suspension (cell pellet) was thawed at 
37 ̊C. After that, it was mixed with 1mM PMSF, 1 mg/ml Lysozyme, 5 mg DNase I, 1 mM 
MgCl2, 1% (volume/volume) Triton X-100 and 6M Urea. The suspension was sonicated by 4 
x 30 seconds pulses with a Branson Sonifier® to break the cells. Bacterial debris was removed 
by centrifugation at 10 000 rpm for 1 hr. The supernatant was incubated with Ni2+-NTA-
agarose beads at 4 ̊C for 2 hrs. 100 ml Ni2+-washing buffer (20 mM Tris pH 7.4, 500 mM 
NaCl, 8 mM Imidazole) was used to wash the Ni2+-NTA-beads and the His6-tagged proteins 
were eluted (Figure 3.1.A) with elution buffer (3 x 8 ml, Ni2+-washing buffer containing 500 
mM Imidazole). For all purifications, thrombin was added to the eluates, which were then 
dialyzed overnight at 4 ̊C. The dialysis buffer contained 100 mM NaCl, 20 mM Tris pH 7.4, 1 











Figure 3.1: Overview of protein purification. A) Affinity chromatographic purification of a 
protein by histidine tagging. Modified from Aleia. B) Ion-exchange chromatography. 
Modified from Ritchie. 
 
3.6.2 Ion-exchange chromatography 
 
In a second step, all proteins were further purified by ion-exchange chromatography (Figure 
3.1.B). Either Mono Q HR 10/10 or Mono S HR 10/10 columns (GR Healthcare®) were used 
depending on the pI (isoelectric point) of the protein. Proteins were eluted using a linear NaCl 
gradient of Buffer A (100 mM NaCl, 20 mM Tris pH 7.4, 1 mM EDTA and 1 mM DTT) and 
A                                                                                        B 
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Buffer B (1 M NaCl, 20 mM Tris pH 7.4, 1 mM EDTA and 1 mM DTT) with the ÄKTA 
explorer® procedure (Fasshauer & al., 1997; Fasshauer & al., 1998). All proteins were eluted 
in 2 ml fractions. The eluted proteins were 95% pure, as determined by SDS-PAGE (sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis). SDS-PAGE was carried out as described 
by Laemmli. In order to determine the protein concentrations: absorption at 280 nm and the 
Bradford assay were used. 
 
3.6.3 Protein purification procedure using Mimi_Qbc virus 
protein purification as example 
 
Purification of the recombinant proteins expressed in Escherichia coli (E.coli) was an 
essential step in characterizing the structure, function and possible interactions between the 
proteins. It consisted of successive processes of protein enrichment and elimination, 
according to their physicochemical characteristics, such as ligand affinity (affinity 
chromatography) or electrical charge (ion-exchange chromatography). To give an overview of 
the general protein purification strategy in this study, the results of the purification of the 
Mimi_Qbc protein from Acanthamoeba polyphaga mimivirus is taken as an example and 
described below.  
 
The purification of Mimi_Qbc protein, as with all other protein purification, started with 
affinity chromatography on Ni2+-NTA-agarose beads. This purification was performed in 
several steps, including loading the protein onto the column, a washing step and then the 
elution from the column. First, the sample was loaded onto a column containing nickel beads, 
where the His-tagged protein (Mimi_Qbc protein) binds to the immobilized metal ions of the 
column via the specific binding affinity of the imidazole side chain of histidine for metal ions 
(nickel II). An aliquot of the flow-through (FT) of this column, which represents the 
impurities that do not attach to the beads, was collected and controlled by SDS-PAGE 
(sodium dodecyl sulfate–polyacrylamide gel electrophoresis) gel. Analysis of the gel showed 
that the FT fraction (Figure 3.2. FT) had bands of varying intensity and size, other than the 
expected size of Mimi_Qbc protein, suggesting that most contaminants were not retained by 
the beads and therefore separated from the protein of interest. These contaminants are mainly 
from the biological material of the bacteria used to express the recombinant protein. The 
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column was then washed (W) to remove all weakly binding non-specific interactions with 
beads. As before, an aliquot of the wash step was controlled by SDS-PAGE gel. Unlike the 
FT fraction, the W fraction (Figure 3.2.W) showed a few weak bands suggesting that little 
non-specific binding occurred. Finally, the Mimi_Qbc protein was eluted (E) by a high 
concentration of imidazole (500mM). The imidazole ring mimics the side chain of histidine 
residues, thus competitively detaching the protein from the beads. Three, consecutive elutions 
were performed to recover the maximum eluted protein. Elution fractions 1, 2, and 3 on the 
SDS PAGE gel (Figure 3.2. E1, 2, 3) showed that using a buffer with a high concentration of 
imidazole elutes the protein of interest, appearing as high intensity bands around 20 kDa. As 
the molecular weight of Mimi_Qbc protein is about 23 kDa determined by ProtParam®, these 
bands likely correspond to Mimi_Qbc. In order to remove the remaining impurities, the purest 
elution fractions were further purified by ion-exchange chromatography (second protein 

















Figure 3.2: Purification of Mimi_Qbc protein from Acanthamoeba polyphaga mimivirus 
by affinity chromatography on Ni2+-NTA-agarose beads monitored by SDS-PAGE. FT, 
W, and E 1, 2, 3 correspond to the different fractions of the affinity chromatography steps of 
the expressed Mimi_Qbc protein (aa 1-204). Fractions were analyzed on SDS-PAGE gels, 
stained with Coomassie blue. FT: Flow-Through, represents the impurities in the flow-
through fraction that did not attach to the Ni2+-NTA-agarose beads, W: Wash, represents the 
fraction from the washed beads and E1, 2, 3 : Elution, represent the elution fractions 1, 2 and 
3 from the beads. Molecular weight standards are indicated in kDa. The arrow indicates the 



















←  Mimi_Qbc 
protein 
FT      W       E1     E2       E3 
 56 
Depending on the pI (isoelectric point) of the protein, either Mono Q HR 10/10 or Mono S 
HR 10/10 columns (GR Healthcare®) were used for ion-exchange chromatography. The 
Mimi_Qbc protein has an overall negative charge (pI < pH), so I used the Mono Q column 
(positively charged) to separate proteins according to their net charge differences. The 
purification was performed in several steps, including injecting the protein onto the column, 
washing and then eluting the protein of interest from the column. First, the sample was loaded 
onto a Mono Q column allowing the Mimi_Qbc protein bind to column. An aliquot of the 
flow-through (FT) of this column, which represents mainly positively charged impurities that 
did not attach to the column, was collected and checked by SDS-PAGE gel. Analysis of the 
gel shows that the FT fraction (Figure 3.3. B. FT) has a high-intensity band around 20 kDa as 
well as other bands of different sizes. As the molecular weight of Mimi_Qbc protein is about 
23 kDa, this high-intensity band likely corresponds to the precipitated Mimi_Qbc that cannot 
bind. The other contaminating bands are mainly from proteins that do not have an overall 
negative charge in solution. The Mono Q column was then washed (W) to remove all the non-
specific interactions. As above, an aliquot of the wash step was controlled on an SDS-PAGE 
gel showing a band corresponding to Mimi_Qbc around 20 kDa. This band likely corresponds 
to the last precipitated Mimi_Qbc that cannot bind (Figure 3.3. B. W). Finally, Mimi_Qbc 
protein was eluted (E) using a linear NaCl gradient. In this anion exchange chromatography, 
the Cl- ion competes with the bound protein for the positive functional group. From the 
corresponding protein elution profile, an elution peak was observed (Figure 3.3.A). Aliquots 
of each elution fraction corresponding to the peak elution were collected and controlled on an 
SDS-PAGE gel. Analysis of the gel revealed that the elution fractions 1 and 2 (Figure 3.3. E1 
and 2) had only one band at around 20 kDa corresponding to the Mimi_Qbc protein (23 kDa), 
while elution fractions 3 to 7 (Figure 3.3. E3 and 7) have, in addition to the band 
corresponding to the Mimi_Qbc protein (23 kDa), another upper band corresponding to a 
contaminant (55 kDa). To collect the purest protein elution, I selected only elution fractions 1 
and 2 (E1 and 2) corresponding to the purest Mimi_Qbc protein (Figure 3.3.B).  
 
The purified protein was then used in various experiments, such as protein interaction tests or 
characterization of particular SNARE complexes. This procedure was true for all the other 
purified proteins (see materials and methods, 26 proteins in total).  
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Figure 3.3: Purification of Mimi_Qbc protein from Acanthamoeba polyphaga mimivirus 
by ion-exchange chromatography. A) Elution profile of the Mimi_Qbc protein (aa 1-204) 
on ion-exchange chromatography (Mono Q column). Left and right Y-axes correspond 
respectively to the absorbance at 230 nm (mAU) and the conductivity (mS/cm), while the X-
axis corresponds to the elution volume (ml). The gray line corresponds to the elution profile 
of Mimi_Qbc protein. B) Elution fractions analyzed by SDS-PAGE, stained with Coomassie 
blue. FT, W, and E correspond to the different fractions of the ion-exchange chromatography 
steps. FT: Flow-Through, represents the impurities that did not attach to the column, W: 
Wash, represents the washout fraction, and E1 to 7: Elution, represent the elution fractions 1 
to 7 from the column. The arrow indicates the protein of interest, Mimi_Qbc. The molecular 
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3.7 Protein interaction tests  
 
To test possible interaction between purified recombinant proteins, protein interaction tests 
were used. These tests consisted of mixing different proteins together in order to find out if 
they formed a protein complex. In this study, equimolar amounts of the purified proteins (~15 
µM) were mixed and incubated overnight at 4 ̊C. The next day, complex formation was tested 
by the three-protein interaction test: SDS-PAGE, non-denaturing PAGE and size-exclusion 
chromatography.  
 
3.7.1 Polyacrylamide gel electrophoresis 
 
For gel electrophoresis (Figure 3.4), two different gel systems were used: denaturing gels 
(SDS-PAGE) and nondenaturing gels (non-denaturing PAGE). In SDS-PAGE, all protein 
mixtures and individual proteins were first subjected to the detergent sodium dodecyl sulfate 
(SDS). This detergent denatures the protein structure; therefore, all proteins migrate on gels 
according to their size only. On these gels, protein interactions are revealed by the presence of 
larger bands on gels corresponding to the interaction of different proteins. SDS-PAGE was 
carried out as described by Laemmli. On the other hand, non-denaturing PAGE were prepared 
and run in a manner identical to SDS-PAGE gels, except that SDS was omitted from all 
buffers (Fasshauer & al., 1997; Fasshauer & al., 1998). Protein structures are not denatured 









Figure 3.4: Polyacrylamide gel electrophoresis. Modified from Bensaccount 
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On these gels, protein interactions are revealed by the presence of additional bands on gels 
corresponding to the interaction of different proteins. The electrophoretic device used was 
Mini-PROTEAN Tetra Cell from Bio-Rad®. After electrophoresis, the gels were stained using 
Coomassie blue dye (40% (v/v) ethanol, 10% (v/v) acetic acid and 0.5% (w/v) Coomassie 
Brilliant Blue R-250). The destaining solution (20% (v/v) ethanol and 10% acetic acid) was 
used to remove excess dye from the gel. 
 
3.7.2 Size-exclusion chromatography 
 
Size-exclusion chromatography, also known as molecular sieve chromatography, is a 
chromatographic method in which proteins in solution are separated by their size and shape 














Figure 3.5: Characterization of Superdex 200 10/300 exclusion column (GR 
Healthcare®). A) Calibration of the size exclusion chromatography. Thyroglobulin= 669 
kDa, Ferritin= 440 kDa, Aldolase= 158 kDa, Conalbumin= 75 kDa and Ovalbumin= 44 kDa 
were injected into the Superdex 200 10/300 exclusion column (GR Healthcare®) with a flow 
rate of 0.5 ml/min. B) Void volume determination of the size exclusion chromatography. Blue 
Dextran was injected into the Superdex 200 10/300 exclusion column (GR Healthcare®) with 
a flow rate of 0.5 ml/min. 
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In this study, protein interactions are revealed by the presence of additional peaks 
corresponding to the interaction of different proteins. For size-exclusion chromatography, all 
protein mixtures and individual proteins were loaded onto a Superdex 200 10/300 exclusion 
column (GR Healthcare®) and analyzed separately. Later, the elution profiles of the different 
runs were overlaid for comparison. Proteins were eluted with a buffer containing 150 mM 
NaCl, 20 mM Tris pH 7.4 and 1 mM DTT at a flow rate of 0.5 ml/min. The elution profiles 
were monitored by UV absorption at 230 and 280 nm.  
 
The size exclusion chromatography was calibrated with marker proteins from the HMW Gel 
Filtration Calibration kit (GR Healthcare®): Thyroglobulin= 669 kDa, Ferritin= 440 kDa, 
Aldolase= 158 kDa, Conalbumin= 75 kDa and Ovalbumin= 44 kDa (Figure 3.5.A). Blue 
Dextran= 2 000 kDa was used in the column in order to determine the void volume, which 
was 8.4 ml (Figure 3.5.B).	 
 
3.8 Circular dichroism spectroscopy  
 
To determine the secondary structure of proteins, circular dichroism (CD) spectroscopy was 
used. Knowing that chiral molecules are optically active, the optical activity can be measured 
by the difference in absorption for two types of circularly polarized light, i.e. left and right 
circularly polarized light (Figure 3.6). This phenomenon is detected by CD absorption 
spectrometers. The main chromophore of proteins is the peptide bond that connects two 
amino acids. Due to the regularity of their skeletal conformation, the secondary structural 
elements of the proteins such as α-helices and β-sheets have distinct CD spectra. α-helices are 
characterized by a double minimum at 208 and 222 nm as well as a maximum around 190 nm 
(Figure 3.6). 
 
For all measurements, proteins were analysed in a buffer containing 20 mM 
NaH2PO4/Na2HPO4 pH: 7.4 and 150 mM NaCl. Experiments were performed in 0.1 cm (l) 
cuvettes and the absorption signal was collected in the wavelength range 190-250 nm. CD 
signal was obtained as degrees of ellipticity (θ) and converted into mean residue ellipticity 
([θ]MR) using the following formula: [θ]MR = 100 x θ/ ((C x N) x l) where C and N correspond 






























Figure 3.6: Schematic representation of circular dichroism (CD) spectroscopy. Circular 
dichroism spectra of "pure" secondary structures. [θ] (deg cm2 dmol-1)= Molar ellipticity. 
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CHAPTER 4: RESULTS  
 
4.1 Characterization of the ER-SNARE complex 
 
The assembly pathway of the neuronal SNARE complex has been characterized intensively in 
the last two decades, whereas SNARE complexes involved in other trafficking steps have 
been much less investigated. In contrast to the neuronal complex, which consists of three 
SNARE proteins (Qa.IV-, Qb.IV- and Qc.IV- fused into one protein, and R.IV-SNARE), four 
different SNARE proteins (Qa-, Qb-, Qc-, and R-SNARE) execute most of the other fusion 
steps. In order to investigate the assembly reaction of the SNARE complex involved in 
retrograde trafficking from the Golgi apparatus towards the endoplasmic reticulum (ER) 
(Aoki et al., 2008), I purified the SNARE domains from all four constituents of this complex 
as recombinant proteins expressed in Escherichia coli (E.coli). The four proteins of the 
retrograde trafficking from the Golgi towards the ER complex are Syntaxin18 (Qa.I-, aa 229-
312), Sec20 (Qb.I-, aa 133-198), Use1 (Qc.I-, aa 174-239) and Sec22 (R.I-SNARE, aa 128-
195). 
 
To understand whether the retrograde trafficking proteins only assemble as a quaternary 
complex (complex composed of four different SNARE proteins) or if other stable complexes 
can be formed, I mixed all possible combinations of the proteins (see Fig. 4.3.A, top panel) in 
about a stoichiometric ratio overnight at 4°C. Then I ran aliquots of the individual proteins 
and mixtures on non-denaturing PAGE. In this experiment, protein complexes were revealed 
by the presence of additional bands of different charge than the single proteins, corresponding 
to interactions between particular proteins. Of note, the individual Syntaxin18 protein (lane 1) 
is the only single protein detectable on the non-denaturing gel, the other individual proteins 
Sec20, Use1, and Sec22 are not present (lane 2, 3 and 4) due to their isoelectric point of above 
8. As seen on the non-denaturing gel shown in Figure 4.1.A, lower panel, a band (lane 15) a 
complex, corresponding to the quaternary complex appeared when all four proteins were 
mixed: Syntaxin18, Sec20, Use1, and Sec22. This band is located at the top of the gel due to 
the charge of the complex. Furthermore, a second band running higher than the single protein 
 63 
Syntaxin 18 band (lanes 12 and 15) appeared in the presence of Syntaxin18, Sec20 and Sec22 
mixtures, suggesting that these proteins could assemble into a ternary complex. This band is 
located in the middle of the gel due to the different global charge of the intermediate ternary 
complex compared to the quaternary complex. It is unclear whether the ternary complex plays 
a role in the assembly process or rather constitutes an off-pathway assembly product. The rest 
of the mixes do not show additional bands on the gel suggesting that these mixtures do not 
form protein complexes.  
 
To confirm the quaternary complex shown above, I analyzed individual proteins (Syntaxin18, 
Sec20, Use1, and Sec22) and the different mixes using size-exclusion chromatography with a 
standard buffer containing 150 mM NaCl at a flow rate of 0.5 mL min-1 (Figure 4.1.B). Size-
exclusion chromatographic elution profiles for the individual proteins and mixes were 
monitored by ultraviolet (UV) absorption at 230 nm. In this chromatographic method, protein 
complexes are revealed by the presence of additional peaks other than single protein peaks, 
corresponding to the interactions between different proteins. As seen in Figure 4.1.B, a new 
peak (black line), corresponding to the quaternary complex appeared when all four proteins 
were mixed: Syntaxin18 (red line), Sec20 (light green line), Use1 (dark green line), and Sec22 
(blue line). More precisely, the elution volume of the quaternary ER-SNARE complex was 
determined at around 14.2 ml while the elution volumes for the individual proteins, 
Syntaxin18, Sec20, Use1, and Sec22, were respectively 15.2 ml, 16.5 ml, 16.3 ml, and 16.7 
ml. Note that the individual proteins with very similar molecular mass, elute at different 
volumes. The new peak corresponding to the quaternary complex was not seen on SDS-
PAGE gel (not shown), suggesting a weak interaction of proteins in the complex.  
 
In the cell, some of the full-length Syntaxin-type proteins adopt a closed conformation 
structure. In addition, they can be regulated by other proteins, such as SM (Sec1/Munc18) 
proteins (see for examples, (Demircioglu et al., 2014, Archbold et al., 2014, Jakhanwal et al., 
2017). To look into this, in the assembly of an ER-SNARE complex with the four SNARE 
motifs, Syntaxin18 (Qa.I-, aa 229-312), Sec20 (Qb.I-, aa 133-198), Use1 (Qc.I-, aa 174-239) 
and Sec22 (R.I-SNARE, aa 128-195), I wanted to use the entire cytoplasmic region of 
Syntaxin18 (aa 1-312) in the assembly assay. However, Syntaxin18 turned out to be insoluble 
after expression in E.coli. It was therefore not possible to test whether Syntaxin18 resides in a 
closed conformation as with other Syntaxins, nor the effect of the SM protein Sly1 (known as 






















Figure 4.1: Formation of the SNARE complex involved in ER trafficking monitored by 
non-denaturing gel electrophoresis (A) and by size-exclusion chromatography (B).  A) 
For interactions, isolated SNARE domains from proteins Syntaxin18 (Qa.I- / aa 229-312), 
Sec20 (Qb.I- / aa 133-198), Use1 (Qc.I- / aa 174-239) and Sec22 (R.I-SNARE / aa 128-195) 
were mixed overnight (4°C) as indicated above in approximately stoichiometric amounts (~15 
µM). The gel was stained with Coomassie blue. Note that only Syntaxin18 (lane 1) is 
detectable on the non-denaturing gel; Sec20, Use1 and Sec22 (lanes 2, 3, and 4) due to their 
isoelectric point above 8 cannot be seen. B) Size-exclusion chromatographic elution profiles 
for the individual SNARE-domain proteins (Syntaxin18 (red line), Sec20 (light green line), 
Use 1 (dark green line), Sec22 (blue line)) and the combination of all four proteins (black 
line). Prior to separation on a Superdex 200 10/300 exclusion column (GE Healthcare®), 
proteins were incubated overnight. On combination of all four proteins, an additional peak 
appears, corresponding to the quaternary complex. Note that Sec20 and Use1 were used as 
individual proteins.  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15  
•    • • •    • • •  • Syntaxin18 (Qa.I) 
 •   •   •  • • •  • • Sec20 (Qb.I) 
  •   •  • •  •  • • • Use1 (Qc.I) 























































The ER-SNARE complex (Syntaxin18, Sec20, Use1, and Sec22) that I purified is a “cognate” 
SNARE complex, i.e. the SNARE proteins come from the same intracellular membrane 
trafficking pathways. Our idea was then to test possible assembly of “non-cognate” SNARE 
complexes 
 
4.2 Specificity of SNARE complex assembly  
 
Dr. M. Dergai, a postdoc in the laboratory, showed that the SNARE types involved in 
particular vesicle-trafficking steps in the cell have dissimilar conservation patterns of their 
SNARE domains (manuscript in preparation). It was therefore interesting to test if the 
different SNARE (Figure 4.2) domains could form non-cognate complexes, i.e. complexes in 
which a particular SNARE domain was exchanged and is now present with proteins that it 
normally does not interact within the cell (Fasshauer et al., 1999). With this goal to test the 
specificity of SNARE complex assembly, I purified various Qa-, Qbc- and R-SNARE 
domains as recombinant proteins expressed in E.coli and mixed all combinations in about a 
stoichiometric ratio overnight at 4°C. Assembly was monitored by gel electrophoresis 
(denaturing and non-denaturing PAGE) and size-exclusion chromatography, techniques that 
illustrate separation of the individual proteins from complexes. That is, on gels and size-
exclusion chromatography, SNARE complexes are revealed respectively by the presence of 













Figure 4.2: Phylogenetic classification showing that the four different SNAREs arose 
from a common ancestor. The SNARE proteins of Schistosoma japonicum are shown as 
an example. Qa- ; Qb- ; Qc- and R-SNAREs are respectively in red; green; orange; and 





4.2.1 Qa-SNARE proteins exchanged 
 
In order to know if Qa-SNARE domains were able to form non-cognate SNARE complexes, I 
carried out exchange experiments with different Qa-SNAREs. In this study, Qa-SNAREs in 
the ER and neuronal SNARE complex were exchanged with Qa-SNAREs from different 
intracellular membrane trafficking pathways. More precisely, Syntaxin 5 (Qa.II-), Syntaxin 16 
(Qa.III-), and Syntaxin 1a (Qa.IV-) replaced sequentially Syntaxin 18 (Qa.I-) in the ER-
SNARE complex; while Syntaxin 18 (Qa.I-), Syntaxin 5 (Qa.II-), and Syntaxin 16 (Qa.III-) 
replaced sequentially Syntaxin 1a (Qa.IV-SNARE) in the neuronal SNARE complex (Figure 
4.2). The overview of the Qa-SNARE proteins tested between different intracellular 














Figure 4.3: Overview showing the SNARE proteins used in Qa-SNAREs exchange 
experiments. Qa-SNARE proteins highlighted in gray (Syntaxin 1a, 16, 5, and 18) represent 
the Qa-SNAREs exchanged between the different intracellular membrane-trafficking 
pathways (ER and neuronal-secretion). SNARE protein domains are Qa, Qb, Qc and R while 
the SNARE subtypes are distributed in groups I, II, III and IV. The SNARE proteins are from 
Mus musculus. Note that SNAP25b (Qbc.IV) is composed of two subtypes SN1 (Qb.IV) and 
SN2 (Qc.IV) connected by a flexible linker region (aa 86-140) (Margittai et al., 2001). ER: 




First, I tested whether Syntaxin18 from the ER complex (Qa.I-) could interact with the 

















Qbc: SNAP25b = SN1+SN2 
R : Synaptobrevin2 
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(Neuronal secretion) 
      
 67 
words, can Syntaxin 18 exchange with Syntaxin1a? As shown in Figure 4.4, a non-cognate 
ternary SNARE complex consisting of Syntaxin 18 (Qa.I-), SNAP-25 (Qbc.IV-) and 
Synaptobrevin2 (R.IV-SNARE) was observed on non-denaturing PAGE (polyacrylamide gel 
electrophoresis) and in size-exclusion chromatography (Figure 4.4, E and F). On the non-
denaturing PAGE, this non-cognate ternary complex appeared as an additional band (Figure 
4.4.E-lane 7) while in the size-exclusion chromatography, the non-cognate complex appeared 
as an additional peak (Figure 4.4.F-black line). In contrast to the situation with the neuronal 
SNARE complex (Figure 4.4.A), the non-cognate SNARE complex was not SDS-resistant 
(Figure 4.4.D). A similar result was obtained when I tested Syntaxin5 (Qa.II-) and 16 (Qa.II-), 
instead of Syntaxin1a (Qa.I), interaction with the neuronal SNARE proteins: SNAP-25 
(Qbc.IV-) and Synaptobrevin2 (R.IV-SNARE) (see Table 4.1).  
 
Similarly, I tested whether the ER-SNARE proteins Sec20 (Qb.I-), Use1 (Qc.I-), and Sec22 
(R.I-) could interact with Syntaxin5 (Qa.II-), Synataxin16 (Qa.III) and Synataxin1a (Qa.IV-) 
proteins instead of Syntaxin18 (Qa.IV-SNARE). The tests using non-denaturing PAGE and 
size-exclusion chromatography summarized in Table 4.1 show that non-cognate quaternary 
SNARE complexes were formed. Note that the SNARE proteins Sec20 (Qb.I) and Use1 
(Qc.I) were used as independent proteins in the Qa-SNARE protein exchange experiments. 
 
As can be seen in Table 4.1, most non-cognate combinations can assemble as long as a Qa-
SNARE protein is present. Note that an SDS resistant complex is only seen for the neuronal 
complex. Qa-SNARE proteins therefore, do not seem to be specific to the intracellular 
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Figure 4.4: Syntaxin 18 can exchange Syntaxin 1a in the neuronal-SNARE complex. A-
C) The neuronal-SNAREs Syntaxin 1a (Qa.IV, red), SNAP25b (Qbc.IV, green) and 
Synaptobrevin2 (R.IV, blue) form a tight ternary complex (A-C) (Otto et al., 1997). The 
complex runs as an SDS-resistant band on SDS-PAGE (A-lane7), a complex in non-
denaturing gel electrophoresis (B-lane7) and elutes as specific complex in size exclusion 
chromatography (C); the combination of all the three proteins is shown as black line. Prior to 
separation, the proteins were mixed overnight (4°C) at approximately stoichiometric amounts 
(~15 µM). When Syntaxin 1a was exchanged with Syntaxin 18 (Qa.I, red), a stable ternary, 
non-cognate complex formed that could be seen on non-denaturing PAGE (E-lane7) and in 
size exclusion chromatography (F), but was not SDS-resistant (D). Synaptobrevin2 is not 
detectable (B and E lane 3) due to an isoelectric point above 8. Note, an asterisk in Table 4.1 
(summarizing all protein mixtures) indicates the cognate and non-cognate complexes.  
 
1 2 3 4 5 6 7  
•   • •  • Syntaxin18 (Qa.I) 
 •  •  • • SNAP25b (Qbc.IV) 
  •  • • • Synaptobrevin2 (R.IV) 
 
                          
 
1 2 3 4 5 6 7  
•   • •  • Syntaxin1a (Qa.IV) 
 •  •  • • SNAP25b (Qbc.IV) 
  •  • • • Synaptobrevin2 (R.IV) 
 
                          
                      Elution volume (mL)                                                                                                                                        Elution volume (mL) 
 
 
Absorbance 230nm (mAU)                                                                                                                                  Absorbance 230nm (mAU) 
 



















1 2 3 4 5 6 7  
•   • •  • Syntaxin1a (Qa.IV) 
 •  •  • • SNAP25b (Qbc.IV) 
  •  • • • Synaptobrevin2 (R.IV) 
 
                          
 
1 2 3 4 5 6 7  
•   • •  • Syntaxin18 (Qa.I) 
 •  •  • • SNAP25b (Qbc.IV) 
  •  • • • Synaptobrevin2 (R.IV) 
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Sec20 / Use1 / Sec22 (QbcR.I) 
ER-SNARE complex 








































































































Denaturing gel Ø Ø Ø Ø Ø Ø Ø ✓ 
Nondenaturing gel ✓ ✓ ✓ Ø ✓ ✓ ✓ ✓ 
Size-exclusion 
chromatography 
✓ ✓ ✓ Ø ✓ ✓ ✓ ✓ 
 CC    *   CC * 
 
Table 4.1: Qa-SNARE proteins are not specific. Overview of all the exchange experiments 
of Qa-SNARE proteins into different SNARE complexes: endoplasmic reticulum (QabcR.I) 
and neuronal secretion (QabcR.IV). ✓ means that Qa-SNARE proteins are able to form 
SNARE complexes; Ø means that Qa-SNARE proteins are not able to form SNARE 
complexes. Note that SNAP25b (Qbc.IV) is composed of two subtypes SN1 (Qb.IV) and SN2 
(Qc.IV) connected by a flexible linker region (aa 86-140) (Margittai et al., 2001). The 
SNARE proteins Use1 (Qb.I) and Sec20 (Qc.I) were used as independent proteins. ER: 
Endoplasmic Reticulum, Golgi: Golgi apparatus, TGN: Trans Golgi Network, Neuronal: 
Neuronal secretion. Syb2: Synaptobrevin2. * Represents the exchange of a Qa-SNARE 
protein as shown in Figure 4.4. CC: cognate complex = positive control.  
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4.2.2 Qbc-SNARE proteins exchanged 
 
In order to know whether Qbc-SNARE domains were able to form non-cognate SNARE 
complexes, I carried out exchange experiments with different Qbc-SNAREs (Figure 4.2). The 
overview of the Qbc-SNARE proteins exchanged in the different intracellular membrane-















Figure 4.5: Overview showing the SNARE proteins used in Qbc-SNAREs exchange 
experiments. Qbc-SNARE proteins highlighted in gray (SNAP25b, Membrin, Gos28, Bet1, 
Gs15, Sec20 and Use1) represent the Qbc-SNAREs exchanged between the different 
intracellular membrane-trafficking pathways (endoplasmic reticulum, Golgi apparatus, and 
neuronal secretion). SNARE protein domains are Qa, Qb, Qc and R while the SNARE 
subtypes are distributed in groups I, II, III and IV. The SNARE proteins are from Mus 
musculus. Note that SNAP25b (Qbc.IV) is composed of two subtypes SN1 (Qb.IV) and SN2 
(Qc.IV) connected by a flexible linker region (aa 86-140) (Margittai et al., 2001). ER: 
Endoplasmic Reticulum; Golgi: Golgi apparatus. Modified from Fasshauer. 
 
 
SNAP25b (Qbc.IV-) is composed of two SNARE domains of different subtypes, SN1 (Qb.IV-
) and SN2 (Qc.IV-SNARE), connected by a flexible linker region (aa 86-140) (Margittai et 
al., 2001). To make exchange experiments easier, I did not use individual Qb- and Qc-
SNAREs as in the experiments above, but used constructs that joined both proteins by 
inserting the linker region of neuronal SNAP25b (Qbc.IV) between the two SNARE proteins 









Qb: Membrin / Gos28 
Qc: Bet1 /Gs15 




Qbc: SNAP25b = SN1+SN2 
R : Synaptobrevin2 
Group IV 
(Neuronal-Secretion) 
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cognate, i.e. Qb- and Qc- were from the same intracellular membrane-trafficking pathways 
while others were non-cognate, i.e. Qb and Qc were from different intracellular membrane-
trafficking pathways. For example, the construct named Sec 20 + Use 1 (Qbc.I) corresponds 
to a cognate Qbc-SNARE protein, whereas the construct termed Membrin + Use 1 (Qb.II + 
Qc.I) is a non-cognate Qbc-SNARE protein (Table 4.2). 
 
 
 Name Constructs Cognate /  Non-cognate 
Wildtype  
protein 
SNAP25b SN1 (Qb.IV) + SN2 (Qc.IV) cognate  (neuronal secretion) 
Chimeric  
proteins 
Me_SNAP Membrin (Qb.II) + Bet1 (Qc.II) cognate (Golgi) 
Go_SNAP Gos28 (Qb.II) + Gs15 (Qb.II) cognate (Golgi) 
U_SNAP Sec20 (Qb.I) + Use1  (Qc.I) cognate (ER) 
SNAP1 Membrin (Qb.II) + Use1 (Qc.I) non-cognate  (Golgi and ER) 
SNAP2 Sec20 (Qb.I) + Bet1 (Qc.II) non-cognate  (ER and Golgi) 
 
Table 4.2: Constructs of Qbc-SNAREs used in Qbc-SNAREs exchange experiments. 
SNAP25b (Qbc.IV) is composed of two subtypes SN1 (Qb.IV) and SN2 (Qc.IV) connected 
by a flexible linker region (aa 86-140) (Margittai et al., 2001). Qbc-SNARE chimeras are 
composed of one Qb- and one Qc-SNARE protein link to the flexible linker region (aa 86-
140) of SNAP25b. Among the chimeric proteins, some are cognate (same intracellular 
membrane trafficking pathways) while others are non-cognate (different intracellular 
membrane trafficking pathways). +: corresponds to the flexible linker region (aa 86-140) of 
SNAP25b. ER: Endoplasmic Reticulum; Golgi: Golgi apparatus.  
 
 
As described above (4.4 Characterization of the ER-SNARE complex), the ER-SNARE 
complex can be formed from a cognate Qbc-construct of Sec20 and Use1, used as individual 
proteins. This quaternary complex including Syntaxin18 (Qa.I-), Sec20 (Qb.I-), Use1 (Qc.I-), 
and Sec22 (R.I-SNARE) was observed on non-denaturing gels as well as in size-exclusion 
chromatography (Figure 4.1.A and B).   
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To illustrate the Qbc-SNARE exchange experiments, non-cognate Qbc-SNARE exchanges in 
the ER-SNARE complex are described below (Figure 4.6). I did not use individual Qb- and 
Qc-SNAREs as in the experiments above, but used constructs that joined both proteins by 
inserting the linker region of SNAP25b between the two SNAREs. For this example, the 
chimeric protein SNAP1 contains Membrin (Qb.II) and Use1 (Qc.I) while the chimeric 
protein SNAP2 contains Sec20 (Qb.I) and Bet1 (Qc.II). 
 
First, I tested whether Membrin (Qb.II-) could interact with the ER-SNARE proteins: 
Syntaxin18 (Qa.I-), Use 1 (Qc.I-), and Sec22 (R.I-SNARE) instead of Sec20 (Qb.I-). Indeed, 
a non-cognate ternary SNARE complex consisting of Syntaxin 18, SNAP1 (Membrin + 
Use1), and Sec22 was observed on non-denaturing PAGE as well as in size-exclusion 
chromatography (Figure 4.6). On the non-denaturing PAGE, the non-cognate ternary complex 
appeared as an additional band (Figure 4.6.B-lane8) while on size-exclusion chromatography, 
the non-cognate complex appeared as an additional peak (Figure 4.6.C-black line). Note that 
the non-cognate SNARE complex was not SDS-resistant (Figure 4.6.A), suggesting a weak 
interaction of proteins in the complex. 
 
A similar result was obtained when I tested Bet1 (Qc.II-) interaction instead of Use1 (Qc.I-), 
with the ER-SNARE proteins: Syntaxin18 (Qa.I-), Sec20 (Qb.I-), and Sec22 (R.I-SNARE). 
Indeed, a non-cognate ternary SNARE complex consisting of Syntaxin 18, SNAP2 (Sec20, 
Bet1), and Sec22 was formed, shown on non-denaturing PAGE and in size-exclusion 
chromatography (Figure 4.6). On the non-denaturing PAGE, this non-cognate ternary 
complex appeared as an additional band (Figure 4.6.B-lane12) and in size-exclusion 
chromatography, as an additional peak (Figure 4.6.D-black line). Note that the non-cognate 
SNARE complex was not SDS-resistant (Figure 4.6.A). 
 
An overview of all exchange experiments of Qbc-SNARE proteins within the different 
SNARE complexes can be seen in Table 4.3.a and b. Most non-cognate combinations can 
assemble as long as a Qbc-SNARE protein is present. Note that an SDS resistant complex is 
only observed for the neuronal complex. Qb- and Qc-SNARE proteins seem therefore not 
specific for an intracellular membrane-trafficking pathway.   
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Figure 4.6: Membrin and Bet1 can take the place of Sec20 and Use1 respectively in the 
ER-SNARE complex. The ER-SNARE proteins Syntaxin 18 (Qa.I, red) and Sec22 (R.I,bleu) 
formed a stable ternary, non-cognate complex with SNAP1 (Qb.II + Qc.I, green) and SNAP2 
(Qb.I + Qc.II, green) that can be separated on non-denaturing gels (B-lane 8 and 12) and by 
size exclusion chromatography (C and D), but the complex was not SDS-resistant (A). The 
combination of the proteins is shown as black line (C and D). Prior to separation, the proteins 
were mixed overnight (4°C) in approximately stoichiometric amounts (~15 µM). Note that the 
construct SNAP1 (Membrin + Use1) and SNAP2 (Sec20 + Bet1) are chimeras of two proteins 
with a SNAP25b (aa 86-140) linker connecting them. Due to their isoelectric points above 8, 
SNAP1, SNAP2 and Synaptobrevin2 are not detectable on non-denaturing gel electrophoresis 
(B-lane 2, 3 and 4). Note, asterisks in Table 4.3.b denote non-cognate complexes.   
1 2 3 4 5 6 7 8 9 10 11 12 
 
•    • •  • • •  • Syntaxin18 (Qa.I) 
 •   •  • • •  •  SNAP1 (Qb.II + Qc.I) 
  •         • SNAP2 (Qb.I + Qc.II) 
   •  • • •  • • • Sec22 (R.I) 






•    • •  • • •  • Syntaxin18 (Qa.I) 
 •   •  • • •  •  SNAP1 (Qb.II + Qc.I) 
  •         • SNAP2 (Qb.I + Qc.II) 
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Denaturing gel Ø Ø Ø Ø Ø Ø Ø Ø Ø Ø Ø ✓ 
Non-denaturing 
gel 
✓ ✓ Ø ✓ ✓ ✓ ✓ ✓ Ø ✓ ✓ ✓ 
Size-exclusion 
chromatography 
✓ ✓ Ø ✓ ✓ ✓ ✓ ✓ Ø ✓ Ø ✓ 
 CC     CC CC     CC 
Table 4.3.a: Qbc-SNARE proteins are not specific (cognate Qbc-SNARE exchanged). 
Overview of exchange experiments of cognate Qbc-SNARE proteins into different SNARE 
complexes: endoplasmic reticulum (QabcR.I), Golgi apparatus (QabcR.II), and neuronal 
secretion (QabcR.IV). ✓ means that cognate Qbc-SNARE proteins are able to form SNARE 
complexes; Ø means that cognate Qbc-SNARE proteins are not able to form SNARE 
complexes. Note that SNAP25b (Qbc.IV) is composed of two subtypes SN1 (Qb.IV) and SN2 
(Qc.IV) connected by a flexible linker region (aa 86-140) (Margittai et al., 2001). All 
constructs containing two proteins are chimeras of two proteins with a SNAP25b (aa 86-140) 
linker connecting them. + corresponds to the flexible linker region (aa 86-140) of SNAP25b. 
ER: Endoplasmic Reticulum, Golgi: Golgi apparatus, Neuronal: Neuronal secretion. Syb2: 














Syntaxin 1a / 





























































































































































Denaturing gel Ø Ø Ø Ø Ø Ø 
Nondenaturing gel ✓ ✓ ✓ Ø ✓ ✓ 
Size-exclusion 
chromatography 
✓ ✓ ✓ Ø ✓ ✓ 
 * *     
Table 4.3.b: Qbc-SNARE proteins are not specific (non-cognate Qbc-SNARE exchange). 
Overview of exchange experiments of non-cognate Qbc-SNARE proteins into different 
SNARE complexes: endoplasmic reticulum (QabcR.I), Golgi apparatus (QabcR.II), and 
neuronal secretion (QabcR.IV). ✓ means that non-cognate Qbc-SNARE proteins are able to 
form SNARE complexes; Ø means that non-cognate Qbc-SNARE proteins are not able to 
form SNARE complexes. All constructs containing two proteins are chimeras of two proteins 
with a SNAP25b (aa 86-140) linker connecting them. + corresponds to the flexible linker 
region (aa 86-140) of SNAP25b. ER: Endoplasmic Reticulum, Golgi: Golgi apparatus, 
Neuronal: Neuronal secretion. Syb2: Synaptobrevin2. * Represents exchange of a non-
cognate Qbc-SNARE protein as shown in Figure 4.6.  
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4.2.3 R-SNARE proteins exchanged 
 
In order to know if R-SNARE proteins are able to form non-cognate SNARE complexes, I 
performed exchange experiments with the different R-SNAREs (Figure 4.2). In this study, R-
SNARE proteins involved in neuronal secretion were exchanged with Sec22 (R.I) and Vamp7 
(R.III). The overview of exchanged R-SNARE proteins between the different intracellular 












Figure 4.7: Overview showing the SNARE proteins used in R-SNAREs exchange 
experiments. R-SNARE proteins highlighted in gray (Vamp7 and Sec22) represent the R-
SNAREs exchanged in the neuronal-secretion complex. SNARE protein domains are Qa, Qb, 
Qc and R while the SNARE subtypes are distributed in groups I, II, III and IV. The SNARE 
proteins are from Mus musculus. Note that SNAP25b (Qbc.IV) is composed of two subtypes 
SN1 (Qb.IV) and SN2 (Qc.IV) connected by a flexible linker region (aa 86-140) (Margittai et 
al., 2001). ER: Endoplasmic Reticulum; Golgi: Golgi apparatus; TGN: Trans Golgi Network. 
Modified from Fasshauer. 
 
First, I tested whether Vamp7 (R.III) rather than Synaptobrevin2 (R.IV), could interact with 
the neuronal SNARE proteins: Syntaxin1a (Qa.IV) and SNAP-25b (Qbc.IV). Indeed, a non-
cognate ternary SNARE complex consisting of Syntaxin 1a, SNAP-25b and Vamp7 was 
formed, as tested by denaturing and non-denaturing PAGE (Figure 4.8). On the denaturing 
and non-denaturing gels, this non-cognate ternary complex appeared as an additional band 
(Figure 4.8.A, B-lane 8). A similar result was obtained when I tested whether Sec22 (R.I) 
instead of Synaptobrevin2 (R.IV), could interact with the neuronal SNARE proteins: 
Syntaxin1a (Qa.IV) and SNAP-25 (Qbc.IV) (Table 4.4).   
R : Sec22 Group I 
(ER) 
R : Vamp7 Group III.a 
(TGN) 
Qa: Syntaxin1a 
Qb + Qc: SNAP25b= SN1+SN2 















































Figure 4.8: Vamp7 can exchange Synaptobrevin2 in the neuronal-SNARE complex. The 
neuronal SNARE proteins Syntaxin1a (Qa.IV-) and SNAP25b (Qbc.IV-) form a stable 
ternary, non-cognate complex with Vamp7 (R.III-SNARE) that could be separated by 
denaturing (A-lane8) and non-denaturing (B-lane8) gel electrophoresis. Prior to separation, 
the proteins were mixed overnight (4°C) at approximately stoichiometric amounts (~15 µM). 
Synaptobrevin2 is not detectable (B lane 3) due to its isoelectric point of above 8. Note, 
asterisks indicate non-cognate complexes are in Table 4.4.  
1 2 3 4 5 6 7 8 9 10  
•    •   • •  Syntaxin 1a (Qa.IV) 
 •    •  •  • SNAP25b (Qbc.IV) 
  •    •  • • Synaptobrevin2 (R.IV) 
   • • • • • • • Vamp7 (R.III) 
1 2 3 4 5 6 7 8 9 10  
•    •   • •  Syntaxin 1a (Qa.IV) 
 •    •  •  • SNAP25b (Qbc.IV) 
  •    •  • • Synaptobrevin2 (R.IV) 



























In Table 4.4, an overview of all exchange experiments of R-SNARE proteins between the 
different SNARE complexes can be seen. Most non-cognate combinations can assemble as 
long as an R-SNARE protein is present. Note that an SDS resistant complex is seen for the 
neuronal complex and for the Vamp7 (R.III-) protein with the neuronal proteins, Synatxain1a 
(Qa.IV-) and Synaptobrevin2 (R.IV-SNARE). R-SNARE proteins do not seem to be specific 






Synatxin1a / SNAP25b (Qabc.IV) 
Neuronal-SNARE complex  
 






Denaturing gel Ø ✓ ✓ 
Non-denaturing gel ✓ ✓ ✓ 
  * CC 
Table 4.4: R-SNARE proteins are not specific to an intracellular membrane-trafficking 
pathway. Overview of all the exchange experiments of R-SNARE proteins into the neuronal-
SNARE complex (QabcR.IV). ✓ means that R-SNARE proteins are able to form SNARE 
complexes; Ø means that R-SNARE proteins are not able to form SNARE complexes. Note 
that SNAP25b (Qbc.IV) is composed of two subtypes SN1 (Qb.IV) and SN2 (Qc.IV) 
connected by a flexible linker region (aa 86-140) (Margittai et al., 2001). ER: Endoplasmic 
Reticulum, Golgi: Golgi apparatus, TGN: Trans Golgi Network, Neuronal: Neuronal 
secretion. Syb2: Synaptobrevin2. * represents the exchange of an R-SNARE protein as shown 
in Figure 4.8.CC: cognate complex = positive control. 
 
 
Having enough purified SNARE proteins at hand I was able to perform various exchange 
experiments between different SNARE complexes working in different trafficking steps in 
cells. Surprisingly, most exchanges led to the formation of stable complexes, as monitored by 
non-denaturing PAGE and size-exclusion chromatography, suggesting that SNARE proteins 
are non-selective, requiring only the presence of the four basic SNARE types (Qa-, Qb-, Qc-, 
and R-SNARE) in the mixture.  
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4.3 SNARE proteins from giant viruses  
 
In a phylogenetic classification of SNARE proteins (Kloepper et al., 2007), two SNARE 
sequences were found to be encoded by viral genomes. One of the viral SNARE sequences 
was found in the genome of the Mimivirus, which grows in the amoeba Acanthamoeba 
polyphaga (Raoult et al., 2004). It encodes a SNARE-like protein containing two SNARE 
motifs of the Qb- and Qc-type (SNAP25-like SNARE). The phylogenetic analysis suggested 
that the two viral SNARE proteins arrived in viruses by lateral gene transfer (Kloepper et al., 
2007). These viral SNARE-like proteins may be involved in key steps of the viral life cycle 
involving membrane dynamics, such as membrane fusion in virus entry and/or host 
membrane rearrangements in viral replication and assembly. Although, whether the SNAP-
25-like protein of Mimivirus (called Mimi_Qbc) could indeed assemble into a SNARE 
complex had not been tested so far.  
 
To test if the Mimi_Qbc protein could assemble into a SNARE complex, I performed several 
interaction tests with neuronal SNARE proteins including Synatxin1a (Qa.IV-), SNAP25b 
(Qbc.IV-) and Synaptobrevin2 (R.IV-SNARE). To this end, I mixed all combinations of 
proteins in about a stoichiometric ratio overnight at 4°C. Then I ran the individual proteins 
and mixes on denaturing and non-denaturing PAGE. Any complex formation would be 
revealed by the presence of additional bands on these gels, corresponding to interactions 
between the different proteins. As seen in Figure 4.9 (A), lane 11, I found an additional band 
towards the top of the gel showing that the Mimi_Qbc protein can assemble into a stable, 
SDS-resistant, ternary SNARE complex with neuronal SNARE proteins Syntaxin1a (Qa.IV-) 
and Synaptobrevin2 (R.IV-SNARE). Similarly, this ternary complex was also observed on a 
non-denaturing gel Figure 4.9. (B), lane 11. 
 
Furthermore, a new band (Figure 4.9.B, lane 9) appeared when Mimi-Qbc and Syntaxin1a 
only were mixed, suggesting that they can assemble into a binary complex. The rest of the 
mixes did not show additional bands on the gels suggesting that no other protein complexes 
formed. Note that only individual proteins Syntaxin1a and SNAP25b (lanes 1 and 2) are 
detectable in the non-denaturing gel. The other individual proteins, Mimi-Qbc and 











































Figure 4.9: Mimi_Qbc (a SNAP-25-like SNARE) from Acanthamoeba polyphaga 
mimivirus can serve as SNAP25b in the neuronal SNARE complex. The neuronal SNARE 
proteins Syntaxin 1a (Qa.IV), SNAP25b (Qbc.IV) and Synaptobrevin2 (R.IV) form a tight 
ternary complex (Otto et al., 1997) that runs as an SDS-resistant band in SDS-electrophoresis 
(A-lane10) and runs as a complex in non-denaturing gel electrophoresis (B-lane10). Prior to 
separation, the proteins were mixed overnight (4°C) at approximately stoichiometric amounts 
(~15 µM). When Mimi_Qbc protein replaced SNAP25b, a stable ternary non-cognate 
complex formed, which was seen on non-denaturing gel electrophoresis (B-lane11) and 
appeared SDS-resistant (A-lane11). Synaptobrevin2 is not detectable (B lane 4) due to its 
isoelectric point above 8. Note, an asterisk indicates the non-cognate complex in Table 4.6.  
1 2 3 4 5 6 7 8 9 10 11  
•    •   • • • • Syntaxin 1a (Qa.IV) 
 •    •  •  •  SNAP25b (Qbc.IV) 
  •    •  •  • Mimi_Qbc   
   • • • •   • • Synaptobrevin2 (R.IV) 
1 2 3 4 5 6 7 8 9 10 11  
•    •   • • • • Syntaxin 1a (Qa.IV) 
 •    •  •  •  SNAP25b (Qbc.IV) 
  •    •  •  • Mimi_Qbc   
















































































In the last decade, additional genomes of giant viruses were sequenced and our group found 
more SNARE-like sequences. Among them were two R-SNAREs from Klosneuvirus KNV1 
(Klos_R protein) and Tupanvirus soda lake (Tupan_R protein) and a putative Qa-SNARE 
from Klosneuvirus KNV1 (Klos_Qa protein) (Table 4.5). I tested these new viral SNARE 
proteins and found that they were capable of forming SNARE complexes as well. Indeed, 
Klos_Qa forms a SNARE complex with SNAP25b and Synaptobrevin2, whereas Klos_R and 









Sequences without homologues 
VBB18571.1 1.5E-19 R.III Yasminevirus sp. GU-2018 
ARF11934.1 1.9E-19 Qa.IV Klosneuvirus KNV1 
ARF08579.1 1E-18 R.III Catovirus CTV1 
AYV77932.1 1.7E-18 R.II Edafosvirus sp. 
AYV76397.1 5.5E-18 R.IV Terrestrivirus sp. 
YP_009173670.1 5.9E-18 Qa.IV Chrysochromulina ericina virus 
AYV87155.1 6.3E-18 Qa.III.b Sylvanvirus sp. 
AYV76603.1 6.4E-18 Qb.III.b Terrestrivirus sp. 
VBB19034.1 8.9E-18 Qc.III.c Yasminevirus sp. GU-2018 
ARF10343.1 1.7E-17 R.III Hokovirus HKV1 
ATZ81026.1 2.2E-17 R.III Bodo saltans virus 
AYV79271.1 1.9E-16 R.III Faunusvirus sp. 
AYV75536.1 7.2E-16 Qb.III.d Terrestrivirus sp. 
AYV75598.1 1.9E-15 Qc.III Terrestrivirus sp. 
ARF09111.1 2.3E-15 Qa.III Catovirus CTV1 
VBB19035.1 4.3E-15 Qb.III.d Yasminevirus sp. GU-2018 
AYV85399.1 6.8E-15 Qc.III.c Satyrvirus sp. 
AYV87038.1 1.1E-14 Qa.III Sylvanvirus sp. 









VBB19031.1 3.5E-14 Qa.IV Yasminevirus sp. GU-2018 
AYV78098.1 3.7E-14 Qc.III.c Edafosvirus sp. 
AYV76568.1 1.9E-13 Qa.III Terrestrivirus sp. 
ARF09317.1 2E-13 Qc.III.c Catovirus CTV1 
VBB19046.1 9.4E-13 Qc.III Yasminevirus sp. GU-2018 
ARF08857.1 1.9E-12 Qb.III Catovirus CTV1 
VBB17642.1 2.7E-12 Qa.III Yasminevirus sp. GU-2018 
AYV87113.1 1.2E-11 Qb.III.d Sylvanvirus sp. 
AYV87231.1 1.3E-11 R.IV Sylvanvirus sp. 
QDY51946.1 2.3E-11 Qc.III Mimiviridae sp. ChoanoV1 
QBK91448.1 2.4E-11 R.II Pithovirus LCPAC302 
AYV79275.1 1.1E-10 Qa.III.b Faunusvirus sp. 
AYV79625.1 1.7E-10 Qc.III Faunusvirus sp. 
AYV82099.1 2.2E-10 Qb.III.d Homavirus sp. 
AYV85399.1 2.2E-10 Qb.III Satyrvirus sp. 
QDY52074.1 1.4E-09 Qa.III Mimiviridae sp. ChoanoV1 
ATZ80812.1 4E-09 Qb.III.d Bodo saltans virus 
ATZ80326.1 5.2E-09 Qa.III Bodo saltans virus 
AYV78103.1 1E-08 SNAP.c Edafosvirus sp. 
AYV82099.1 2.3E-08 Qc.III.c Homavirus sp. 
QFG73916.1 6.5E-08 Qc.III Megaviridae environmental sample 
AYV78627.1 1.6E-07 Qb.III Edafosvirus sp. 
AYV87104.1 2.5E-06 Qc.III.c Sylvanvirus sp. 
 homologous sequences cluster 1 
  
AUL78966.1 1.8E-21 R.II Tupanvirus deep ocean 
AUL77684.1 1.4E-19 R.II Tupanvirus soda lake 
 homologous sequences cluster 2 
QBK89254.1 1.8E-21 R.III Mimivirus LCMiAC02 









 homologous sequences cluster 3 
YP_009448950.1 1.2E-19 R.II Orpheovirus IHUMI-LCC2 
ARF12037.1 2.6E-19 R.III Klosneuvirus KNV1 
 homologous sequences cluster 4 
AUL77652.1 6.8E-19 R.III Tupanvirus soda lake 
AUL78933.1 1.8E-16 R.III Tupanvirus deep ocean 
 homologous sequences cluster 5 
AHA55712.1 8.6E-19 R.IV Emiliania huxleyi virus 164 
AEP15042.1 1E-18 R.IV Emiliania huxleyi virus 88 
CAZ69436.1 2.7E-18 R.IV Emiliania huxleyi virus 99B1 
AEP16122.1 8E-17 R.IV Emiliania huxleyi virus 208 
AET42546.1 1.6E-14 R.IV Emiliania huxleyi virus 202 
 homologous sequences cluster 6 
AYV76306.1 3.3E-18 Qa.IV Terrestrivirus sp. 
VBB18316.1 3.4E-18 Qa.IV Yasminevirus sp. GU-2018 
 homologous sequences cluster 7 
AUL77997.1 2.2E-17 Qc.III.c Tupanvirus soda lake 
AUL79291.1 7.5E-15 Qc.III.c Tupanvirus deep ocean 
AUL77997.1 5.9E-13 SNAP.b Tupanvirus soda lake 
AUL79291.1 9E-12 SNAP.b Tupanvirus deep ocean 
 homologous sequences cluster 8 
AYV84002.1 6.8E-14 R.IV Hyperionvirus sp. 
AYV80658.1 1.6E-12 R.III Harvfovirus sp. 
 homologous sequences cluster 9 
AEQ60861.1 3.7E-11 SNAP.b Acanthamoeba castellanii mamavirus 
AKI79438.1 3.7E-11 SNAP.b Acanthamoeba polyphaga mimivirus 
YP_003987178 3.7E-11 SNAP.b Acanthamoeba polyphaga mimivirus 
AKI80394.1 5.1E-10 SNAP.b Acanthamoeba polyphaga mimivirus 









 homologous sequences cluster 10 
QBK88261.1 7.3E-11 Qa.III Marseillevirus LCMAC202 
QBK87296.1 2.5E-08 Qa.IV Marseillevirus LCMAC201 
 homologous sequences cluster 11 
ARF09520.1 4.2E-10 Qa.III.b Indivirus ILV1 
AYV77044.1 1E-06 Qa.III Barrevirus sp. 
 homologous sequences cluster 12  
AUL79569.1 3.7E-09 Qa.IV Tupanvirus deep ocean 
AUL78265.1 1.1E-07 Qa.III.b Tupanvirus soda lake 
 
 
Table 4.5: List of Viral sequences found to contain SNARE motifs, using our HMM 
models. In earlier studies, we identified 23 basic subtypes within the eukaryotic SNARE 
protein family and developed specific and sensitive HMMs for each subtype (Kloepper et al., 
2007). By using hmmscan from HMMER v3.2.1 (Eddy, 1998), we searched for SNAREs with 
these HMMs in viruses from the nr-database at NCBI as of 25 November 2019. To minimize 
false positive results, we used a 10-4 expectation value cutoff and kept only the sequences for 
which the target motif was at least 40 amino acids long. Next, we identified groups of 
homologs among the viral sequences using the pairwise sequence similarity between all 
protein sequences as described in CLANS (Frickey and Lupas, 2004), which is based on the 
Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990). Distances of ≤ 3.110-17 
(adapted from our work in prokaryotes) were used in the connected components clustering 
from the Python package networkX. HMM: Hidden Markov Model, NCBI: National Center 
for Biotechnology Information, CLANS: CLuster ANalysis of Sequences.  
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 Synatxin1a /  
Syb2 (QaR.IV) 





























Denaturing gel ✓ Ø Ø Ø 
Nondenaturing gel ✓ ✓ ✓ ✓ 
 *    
 
Table 4.6: Viral SNARE proteins appear to be true SNARE proteins. Overview of the 
exchange experiments of viral SNARE proteins with proteins in the neuronal-SNARE 
complex (QabcR.IV). ✓ means that viral SNARE proteins are able to form SNARE 
complexes; Ø means that viral SNARE proteins are not able to form SNARE complexes. 
Note that SNAP25b (Qbc.IV) is composed of two subtypes SN1 (Qb.IV) and SN2 (Qc.IV) 
connected by a flexible linker region (aa 86-140) (Margittai et al., 2001). Syb2: 




As demonstrated in our bioinformatics approach, SNARE-like sequences from viruses appear 
to be true SNARE proteins that were probably acquired by lateral gene transfer from their 
eukaryotic hosts. We validated this by showing that the viral proteins assembled into SNARE 
complexes using biochemical assays. It would be interesting to determine the role of these 
proteins after infection of eukaryotic cells by viruses.   
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4.4 Prokaryotic SNAREs 
 
To shed light on the prokaryotic roots of SNAREs, a postdoc in the laboratory, Dr. Emilie 
Neveu, has recently scanned the NCBI protein databases for bacteria and archaea (collectively 
known as prokaryotes). For this, she used our Hidden Markov Model (HMM) profiles trained 
previously (Kloepper et al., 2007, Kloepper et al., 2008, Kienle et al., 2009) to classify the 
SNARE motifs of eukaryotic SNARE proteins into about 20 different subtypes. She 
implemented a 10-4 expectation value cutoff and kept only the sequences for which the target 
motif was at least 40 amino acids long to minimize false positive results. Around 5,000 
prokaryotic sequences met these criteria. For an overview of the relationships among the 
collected prokaryotic sequences, she clustered them by using the BLAST (basic local 
alignment search tool) to construct groups of similar factors for further inspection. The 
sequences split into 96 different clusters of different sizes from a large cluster with ~ 4,200 
sequences to clusters with only two sequences; 178 sequences remained isolated. A cluster 


















Figure 4.10: Cluster map of prokaryotic sequences with SNARE-like motifs established 
by a sequence similarity network approach. The clusters were visualized with the default 
prefuse force directed layout of Cytoscape 3.5.1(https://cytoscape.org). Homology is depicted 
by the lines between nodes. Clusters are ordered according to the sequence with the lowest e-
value within a cluster. Clusters 0–5 (blue) comprise the clusters with bona fide SNARE 
sequences found in γ -proteobacteria of the order Legionellales. Cluster 6 (brown) contains 
different types of prokaryotic chemotaxis proteins. Cluster 28 (red) contains a pair of related 
sequences (OLS22354.1 and PWI47941.1) from two metagenomes of the Asgard group, 
Heimdallarchaeota archaeon LC_2 5 and B3-JM-08 17. Modified from Neveu and Khalifeh 
et al., 2020.  
γ -proteobacteria of the 





4.4.1 Bacterial SNAREs 
 
The best-scoring sequences of the HMM screen for prokaryotic SNARE sequences came from 
γ -proteobacteria of the order Legionellales (i.e. Clusters 0-5, Figure 4.10), bacterial 
pathogens that live inside eukaryotic cells (Duron et al., 2018).  
 
On the other hand, the largest group of sequences with potential SNARE domains was found 
in methyl-accepting chemotaxis proteins (MCP) in many bacteria and some archaea (i.e. 
Cluster 6, Figure 4.10). Intriguingly, in this group of sequences the hits with best score were 
found in α-proteobacteria, the closest relatives of mitochondria. The possible scenario for the 
origins of SNARE proteins in eukaryotes would be that they were inherited by an α-
protobacterium that lived inside of another prokaryote, which, very likely, was an archaea 
(Martin et al., 2017, Eme et al., 2017). 
 
4.4.1.1 SNARE proteins from Legionellales 
 
Many intracellular pathogens such as giant viruses and bacteria enter a eukaryotic host cell for 
replication and survival. These pathogens can reside in the cytosol or a membrane-enclosed 
compartment of a eukaryotic cell (Duron et al., 2018). They have developed various strategies 
to evade degradation by modifying membrane trafficking of the host cell (Cornejo et al., 
2017, Weber and Faris, 2018). Bacteria and large viruses usually enter eukaryotic cells by 
phagocytosis. Some bacteria such as the Gram-negative pathogen Legionella pneumophila, 
inject effector proteins into the host cytosol that modulate the activity of trafficking factors 
such as SNARE proteins and Rab family small GTPases. They prevent fusion of the 
phagosome with endosomes and instead promote fusion of ER-derived vesicles with the 
phagosome to produce an ER-like vacuole in which the bacteria can proliferate. One of the 
factors injected by Legionella has been shown to act like a SNARE protein (Shi et al., 2016). 
However, the SNARE-like proteins described earlier in pathogenic bacteria are not true 
SNARE proteins but proteins with coiled-coil regions that can interact with true SNARE 
proteins. The bacterial factors are thought to mimic SNARE proteins in order to divert vesicle 
trafficking.   
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Remarkably, the search for prokaryotic SNARE proteins (HMM) by Dr. Neveu uncovered 
several sequences from γ-proteobacterial of the order Legionellales with high scores. A 
phylogenetic tree shows that bacterial sequences from Legionellales are found at different 
branches of the eukaryotic SNARE tree (Figure 4.11), corroborating the idea that they 
represent different types of SNARE proteins (Kloepper et al., 2007). 
 
Most of the bona fide SNARE sequences grouped into six different clusters (Cluster 0–5, 
Figure 4.10), whereas six sequences were found as singletons and are listed in Cluster -1. An 
overview of the different domain organizations is given in Figure 4.12:  
 
Three clusters (i.e. Clusters 0, 1, and 3) contained R-SNARE sequences (Figure 4.12. A and 
C). The R-SNARE sequences in Clusters 0 and 1 carry a C-terminal CAAX motif (C = 
cysteine, A = aliphatic amino acid, X = terminal residue) (Wang and Casey, 2016). A C-
terminal CAAX motif is also found in Ykt6 (R.II-SNARE), whereas all other eukaryotic R-
SNAREs usually have a C-terminal transmembrane domain. In addition, the bacterial R-
SNAREs have a longer N-terminal region, which, according to secondary structure 
predictions (Lobley et al., 2009, Kelley et al., 2015), folds into a longin domain, which can be 
found in three different R-SNARE types, Sec22 (R.I-), Ykt6 (R.II-) and Vamp7 (R.III-
SNARE) (Daste et al., 2015). By contrast, the R-SNARE sequences contained in Cluster 3 do 
not have a longin domain and appear to have two consecutive transmembrane domains 
(TMD) following their SNARE domain. One cluster (i.e. Cluster 2) contains highly similar 
Qc-SNARE protein sequences carrying a C-terminal CAAX motif (Figure 4.12.B), which has 
been described earlier (King et al., 2015).Two clusters (i.e. Clusters 4, and 5) contained Qbc-
SNARE protein sequences (i.e. SNAP-25-like sequences), which have two different 
consecutive SNARE domains, a Qb- and Qc-SNARE motif, connected by a longer linker 
(Figure 4.12.D). Some eukaryotic Qbc-SNAREs (e.g. SNAP-25, which plays a role in 
neuronal secretion) are attached to membranes by palmitoylation of cysteines in the linker 
region, whereas others do not have cysteines for post-translational modifications.  
 
Moreover, we found bacterial Qa.IV-SNARE sequences (in Cluster -1) (Figure 4.12.E). These 
sequences have a C-terminal CAAX motif but do not possess a longer N-terminal domain, 
which, in eukaryotic Qa-SNAREs, consists of an independently folded three-helix bundle 
domain, termed the Habc domain.  
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Figure 4.11: Phylogenetic analysis of eukaryotic and bacterial SNARE proteins. The 
maximum likelihood tree was constructed from six SNARE proteins from different γ- 
proteobacteria of the order Legionellales and typical SNARE sets of nine representative 
eukaryotic species. Note, the two SNARE motifs of Qbc-SNAREs are indicated by B or C for 
the Qb- or the Qc-helix, respectively. Qa- SNAREs are in red, Qb-SNAREs in khaki, Qc-
SNAREs in moss green, and R-SNAREs in blue. The eukaryotic SNAREs split into four main 
groups that correspond to the four different positions in the four-helix bundle SNARE 
complex. The different γ-proteobacterial SNAREs, labeled in black, are nested within 
different branches of the eukaryotic SNARE types, suggesting that different SNARE genes 
were transferred independently from eukaryotes to parasitic intracellular bacteria. Some 
SNARE types are shown as collapsed clades. Statistical support values (likelihood-mapping, 
IQ-TREE support, RAxML support, PhyML support) are given at selected inner edges. The 
scale bar indicates the number of substitutions per site. Modified from Neveu and Khalifeh et 





















Figure 4.12: Domain organization of the different SNARE protein types found in γ-
proteobacteria of the order Legionellales. The different types of SNARE motifs are 
indicated (A to E). Note that most R-SNAREs of Legionellales were predicted (Lobley et al., 
2009, Kelley et al., 2015) to possess an N-terminal longin domain (Daste et al., 2015). They 
also harbor a C-terminal CAAX motif (C = cysteine, A = aliphatic amino acid, X = terminal 
residue) (Wang and Casey, 2016), which is farnesylated for membrane anchoring. CAAX 
motifs are also present in bacterial Qc- and Qa-SNAREs. These proteins do not seem to have 
an independently folding N-terminal domain. The membrane is shaded in gray. Modified 
from Neveu and Khalifeh et al., 2020. 
 
 
I then tested the ability of bacterial SNARE proteins to form a SNARE complex. For this, I 
expressed two representative bacterial proteins from recombinant proteins, a SNAP- 25 (Qbc-
SNARE) like from Legionella cherrii DSM 19213 and an R-SNARE from 
Gammaproteobacteria bacterium RIFCSPHIGHO2_12_FULL_42_13, and purified them for 
binding experiments with Syntaxin1a (Qa-), SNAP-25 (Qbc-), and Synaptobrevin2 (R-
SNARE) (Figure 4.13). When I mixed stoichiometric amounts of a SNAP-25 like SNARE 
from Legionella cherrii with constructs encompassing the SNARE domains of Syntaxin1a 
and Synaptobrevin2, a new band corresponding to a stable ternary complex appeared, 
confirming that the bacterial protein is able to form a SNARE complex. Comparable results 
were obtained for the bacterial R-SNARE from Gammaproteobacteria bacterium 
RIFCSPHIGHO2_12_FULL_42_13 (Figure 4.13.B). In contrast to the ternary complex 
formed by the three neuronal SNARE proteins, the ternary complexes containing bacterial 
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Figure 4.13: Formation of complexes between neuronal SNARE proteins and SNARE 
proteins from different γ-proteobacteria of the order Legionellales. A SNAP-25 like 
SNARE protein from Legionella cherrii DSM 19213 (aa 1-209, Leg_Qbc) or an R-SNARE 
from Gammaproteobacteria bacterium RIFCSPHIGHO2_12_FULL_42_13 (aa 116-176, µ-
bac-R) was mixed with the neuronal SNARE proteins Syntaxin1a (Qa.IV), SNAP25b 
(Qbc.IV), and Synaptobrevin2 (R.IV), as indicated. Prior to separation, the proteins were 
mixed overnight (4°C) in approximately stoichiometric amounts (~15 µM). On the non-
denaturing gel (B), the neuronal SNAREs Syntaxin1a and SNAP25b assemble into a binary 
complex (BC1) and the mixture of all three forms a very stable ternary SNARE complex 
(TC1). Comparably, Leg_Qbc forms a binary complex with Syntaxin1a (BC2) and a ternary 
complex with Synaptobrevin2 and Syntaxin1a (TC2). µ-bac-R forms a binary complex with 
SNAP-25 (BC3) and a ternary complex with SNAP-25 and Syntaxin1a (TC3). Note that the 
R-SNAREs Synaptobrevin2a and µ-bac-R are not detectable on the non-denaturing gel (lanes 
3 & 5) because their isoelectric points are 8.5 and 9.4, respectively. On the denaturing gel (A), 
the 65-kDa band corresponds to the SDS-resistant ternary complex and is indicated by TC1. 










































Most of the Legionellales bacteria have only one SNARE protein. A notable exception is 
Berkiella cookevillensis (Mehari et al., 2016), whose metagenome codes for three different 
SNARE proteins, an R-, a Qbc-, and a Qa-SNARE, which could, in principle, assemble into a 
SNARE complex. The role the bacterial SNARE proteins play in the life cycle of these 
pathogenic intracellular bacteria needs to be further investigated. Taken together, our data 
strongly suggest that the SNARE proteins of Legionellales have been acquired by lateral gene 
transfer of different SNARE genes from their eukaryotic hosts and thus do not represent the 
source of the eukaryotic SNARE repertoire. 
 
4.4.1.2 No SNARE proteins detected as MCPs  
 
Most of moderately scoring sequences were contained in the largest cluster of about 4200 
different prokaryotic signaling proteins (i.e. Cluster 6, Figure 4.10). This cluster consists of 
different types of chemoreceptors, a large group of proteins that help bacteria and archaea to 
sense environmental and intracellular cues and relay them to intracellular signaling pathways. 
This cluster consists mostly of two sub-clusters, one containing mainly classical membrane-
bound methyl-accepting chemotaxis proteins (MCPs) (Parkinson, 2010, Salah Ud-Din and 
Roujeinikova, 2017) and the other sub-cluster containing soluble chemotaxis proteins 
(Alexander and Zhulin, 2007, Zhulin, 2001).  
 
A typical MCP (Figure 4.14) has a periplasmic ligand-sensing domain. Ligand binding is 
transmitted to the cytoplasmic region by a conformational change via the HAMP (histidine 
kinase, adenylyl cyclase, methyl-accepting protein, and phosphatase) domain onto a long 
four-helix bundle of the homodimeric receptor. The tip of the bundle serves as binding 
platform for the histidine kinase che (Chemotaxis) A, and the receptor coupling protein cheW, 
which ultimately control the rotation of the flagellar motor. In the center of the bundle, a 
flexible glycine hinge separates the hairpin tip from a region that can be reversibly methylated 
at specific glutamate residues by a methyltransferase and a methylesterase. Methylation leads 
to a subtle conformational change that counteracts the effect of ligand binding. Glutamine can 
be irreversibly deamidated to glutamate by the methylesterase CheB7. The C-terminal portion 
of numerous MCPs was found by our screen to contain a SNARE-like sequence region 
(Figure 4.14). Indeed, the methylation region somewhat resembles a SNARE bundle, 
although the MCP bundle has an antiparallel orientation (Kim et al., 1999, Park et al., 2006). 
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Intriguingly, the C-terminal helices display buried polar glutamine (Q) residues in the center, 
although the two glutamines do not form a hydrophilic layer with residues from the N-















Figure 4.14: Domain architecture of a typical MCP. The sensory (ligand-binding) domain 
is extracellular and is anchored in the membrane by two transmembrane regions. The HAMP 
domain and the methyl-accepting domain comprising two methylation regions (MH1 and 
MH2) and the signaling subdomain are in the cytoplasm. The putative SNARE-like region is 
shown in blue. MCP: methyl-accepting chemotaxis proteins, HAMP: histidine kinase, 
adenylyl cyclase, methyl-accepting protein, and phosphatase, TMD: transmembrane domain. 
Modified from Neveu and Khalifeh et al., 2020. 
 
MCPs with SNARE-like regions were found in different lineages of bacteria and also in 
archaea. Sequences from α-proteobacteria were among the best-scoring MCPs, which was 
intriguing, because this lineage of bacteria includes the closest bacterial relatives of 
mitochondria. The possible scenario for the origins of SNARE proteins in eukaryotes would 
be that they were inherited by an α-protobacterium that lived inside of another prokaryote, 
which, very likely, was an archaea (Martin et al., 2017, Eme et al., 2017). To test whether the 
SNARE-like region of an MCP can interact with eukaryotic SNARE proteins, I expressed this 
MCP from the α-proteobacterium Thalassospira australica as a recombinant protein, as this 
was among the best-scoring sequences. For the biochemical test, I used the two helices of 
neuronal SNAP-25 (SN1 and SN2) as independent constructs (Fasshauer et al., 1998a). I then 












(Qb.IV), SN2 (Qc.IV), and Synaptobrevin2 (R.IV) with the MCP from T. australica but could 
not detect a stable complex (Figure 4.15). We are aware that this negative finding does not 
entirely rule out that MCPs could act as SNARE-like proteins. However, given the complex 
domain architecture of MCPs and the lack of the C-terminal membrane anchor that is present 
in most SNARE proteins, an evolutionary scenario in which a small portion of an MCP was 
co-opted for a new function does not seem likely. 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15  
•     • • • • • • •  • • Syntaxin1a (Qa.IV) 
 •    • • •  • • • • •  SN1 (Qb.IV) 
  •    •  • •  • •  • SN2 (Qc.IV) 
   •    • • •   • • • Synaptobrevin2 (R.IV) 

















Figure 4.15: The SNARE-like region of an MCP from the α-proteobacterium 
Thalassospira australica does not form a stable complex with neuronal SNARE proteins. 
A non-denaturing gel is shown above in which the SNARE-like region of the MCP (methyl-
accepting chemotaxis proteins) from T. australica (aa 616–685, MCP) is mixed with neuronal 
SNARE proteins Syntaxin1a (Qa.IV) SNAP25b (Qbc.IV), and Synaptobrevin2 (R.IV), as 
indicated. Prior to separation, the proteins were mixed overnight (4°C) at approximately 
stoichiometric amounts (~15 µM). Note that Synaptobrevin2 is not detectable on the non-
denaturing gel (Lanes 4) because of its isoelectric point of 8.5. The neuronal SNAREs 
assemble into a Syntaxin1a–SN1 complex (*0), a complex consisting of Syntaxin1a–SN1–
SN2 (BC), a Syntaxin1a–SN1–Synaptobrevin2 complex (*1), a Syntaxin1a–SN2–
Synaptobrevin2 complex (*2), and a quaternary complex (QC) (Fasshauer et al., 1998a), but 









4.4.2 SNARE proteins from Heimdallarchaeota 
 
A different possible scenario for the origins of SNARE proteins would be that they were 
inherited from archaea that may have evolved a membrane trafficking system, though 
probably less elaborated than in contemporary eukaryotic cells. Currently, it is thought that 
Asgard archaea are the closest living relative of eukaryotes (Zaremba-Niedzwiedzka et al., 
2017). It is conceivable that SNARE proteins emerged in this group of archaea. Remarkably, 
the search for prokaryotic SNARE proteins uncovered a pair of related sequences 
(OLS22354.1 and PWI47941.1) from two metagenomes of the Asgard group, 
Heimdallarchaeota archaeon LC_2 (Zaremba-Niedzwiedzka et al., 2017) and B3-JM-08 
(Narrowe et al., 2018). Both sequences possess an entire SNARE motif and a central 
glutamine residue within the motif and the motif was connected to a transmembrane domain 














Figure 4.16: Schematic representation of the domain organization of SNARE-like 
proteins from Asgard archaea. On top HPS 1/2, the domain organization of the SNARE-
like protein HPS1 from Candidatus Heimdallarchaeota archaeon B3-JM-08 and HPS2 from 
Candidatus Heimdallarchaeota archaeon LC_2 are shown. Their SNARE-like regions are 
connected to a C-terminal transmembrane domain (TMD) by a short linker region. The N 
terminal region is predicted (Lobley et al., 2009) to fold into a three-helix bundle structure, as 
found in several eukaryotic Q-SNARE types. The domain architecture of the most important 
types of SNARE proteins are depicted below (Syntaxin1a (Qa.IV), Sec22 (R.I), and SNAP-25 
(Qbc.IV) from Homo sapiens (HoSa) are shown). In most SNARE proteins, a short linker 
connects the SNARE motifs to a C-terminal TMD. The Qa-SNARE Syntaxin1a carries an N-
terminal Habc-domain that folds into a three-helix bundle structure (Fernandez et al., 1998, 
Lerman et al., 2000). This domain arrangement can be found in several other types of Q-
SNAREs (Kloepper et al., 2007, Jahn and Fasshauer, 2012, Baker and Hughson, 2016, Wang 
et al., 2017) but not in R-SNAREs, which usually carry an N-terminal longin domain, a 
globular fold with an α-β-α sandwich architecture (Daste et al., 2015). In SNAP25, two 
SNARE motifs of different types (Qb and Qc) are connected by a linker, which is 







Most strikingly, both sequence’s N-terminal regions are predicted to contain α-helices that 
may fold into a three-helix bundle, a structural feature found in the vast majority of eukaryotic 
Q-SNARE subtypes. Overall, these two Asgard sequences posed the best prototypic 
prokaryotic SNARE protein candidates uncovered. This observation was intriguing, as this 
archaeal lineage is considered to be the closest extant relative of eukaryotes (Spang et al., 
2015, Zaremba-Niedzwiedzka et al., 2017, Narrowe et al., 2018) and the existence of 
functional SNARE proteins within this lineage would provide fascinating insights into the 
origin of intracellular trafficking and eukaryotes in general. However, do these Asgard genes 
really encode SNARE proteins? 
 
In order to validate this initial bioinformatics assessment, I tested the ability of these Asgard 
proteins to interact with eukaryotic SNARE proteins. I expressed and purified the SNARE-
like region of PWI47941.1 from Candidatus Heimdallarchaeota archaeon B3-JM-08 as a 
recombinant protein and mixed it in different combinations with the neuronal SNARE 
proteins Syntaxin1a (Qa-), SNAP25b (Qbc-), or Synaptobrevin2 (R-SNARE). Another reason 
for choosing this particular SNARE unit was because it has been shown that its subunits can 
also interact non-specifically with SNARE proteins working in other trafficking steps (see 4.3 
Specificity of SNARE complex assembly), thus optimizing our chances of observing a 
binding event with evolutionary distant SNARE proteins. 
 
When the H. B3-JM-08 protein, termed HPS1 for Heimdallarchaeota Prototypic SNARE, was 
mixed with individual neuronal SNARE proteins, no new band indicative of a stable 
interaction appeared in native gel electrophoresis. However, when HPS1 was mixed with both 
Syntaxin1a and SNAP25b, a new band appeared on top of the separating gel, suggesting that 
they formed a ternary complex (Figure 4.17), in which HPS1 may have taken over the 
position of the R-SNARE. Additional titration experiments indicated, that this HPS1 complex 
was not very stable (Figure 4.18).  
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Figure 4.17: Interaction of HPS1 with the neuronal SNARE proteins SNAP25b and 
Syntaxin1a tested by non-denaturing gel electrophoresis. The SNARE-like region of 
PWI47941.1 from Heimdallarchaeota B3-JM-08, termed HPS1 (aa 159–211), was mixed 
with the neuronal SNARE proteins Synaptobrevin2 (R.IV), SNAP-25 (Qbc.IV), and the 
SNARE motif of Syntaxin1a (Qa) as indicated. The proteins were incubated overnight at 4°C 
at equimolar ratios of ~15 µM concentration prior to non-denaturing gel electrophoresis. 
Proteins were visualized by Coomassie Blue staining. A new band appears (*) upon mixing of 


















Figure 4.18: Interaction of HPS1 with the binary Syntaxin1a–SNAP-25 complex. 
Approximate stoichiometric amounts of Syntaxin1a and SNAP-25 were mixed to perform the 
binary Syntaxin1a–SNAP-25 complex (Fasshauer et al., 1997b). Increasing amounts of HPS1 
were added and incubated overnight in standard buffer (20 mM Tris, pH 7.4, 1 mM EDTA) 
containing 100 mM NaCl prior to separation by non-denaturing gel electrophoresis. The gel 
was stained with Coomassie Blue. The SNARE-like region of PWI47941.1 from 
Heimdallarchaeota B3-JM-08 is termed HPS1 (aa 159–211).  















Syntaxin1a /SNAP25b / 
HPS complex * 
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In the next set of binding experiments, the two helices of the Qbc.IV-SNARE SNAP25b were 
used as independent constructs, a Qb.IV- (SN1) and a Qc.IV-helix (SN2). I mixed HPS1 with 
each of the individual SNARE proteins and in different combinations. Supporting our 
previous observation, new bands appeared on top of the gel when HPS1 was mixed with (i) 
Syntaxin1a and SN1 (Figure 4.19.*3a) (ii) Syntaxin1a, SN1, and SN2 (Figure 4.19.*3b) (iii) 
Syntaxin1a, SN1, and Synaptobrevin2 (Figure 4.19.*3c); and (iv) Syntaxin1a, SN2, and 
Synaptobrevin2 (Figure 4.19.*3d), although the latter was less prominent. 
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Figure 4.19: Interaction pattern of HPS1 with neuronal SNARE proteins by non-
denaturing gel electrophoresis. The SNARE-like region of PWI47941.1 from 
Heimdallarchaeota B3-JM-08, termed HPS1 (aa 159–211), was mixed in different 
combinations with the neuronal SNARE proteins Syntaxin1a (Qa.IV), Synaptobrevin2 (R.IV), 
and the two SNARE motifs of SNAP-25b, SN1 (Qb.IV) and SN2 (Qc.IV), which were used 
as independent proteins. The proteins were incubated overnight at 4°C at equimolar ratios of 
~15 µM concentration prior to non-denaturing gel electrophoresis, which separates native 
proteins and stable interactions by their charge only. Proteins were visualized by Coomassie 
Blue staining. Note that Synaptobrevin2 and HPS1 are not detectable in the non-denaturing 
gel (Lanes 4 & 5) because of their isoelectric points of 8.5 and 8.1, respectively. The neuronal 
SNAREs assemble into a Synataxin1a–SN1 complex (*0), a complex consisting of 
Syntaxin1a–SN1–SN2 (BC), a Syntaxin1a–SN1–Synaptobrevin2 complex (*1), a 
Syntaxin1a–SN2–Synaptobrevin2 complex (*2), and a quaternary complex (QC) (Fasshauer 
et al., 1998a). New complex bands appeared when HPS1 was added to (i) Syntaxin1a and 
SN1 (*3a); (ii) Syntaxin1a, SN1, and SN2 (*3b); (iii) Syntaxin1a, SN1, and Syb2 (*3c); and 
(iv) Syntaxin1a, SN2, and Synaptobrevin2 (*3d). All new bands containing HPS1 ran at the 




*3a *3b *3c *3d 
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As the new bands containing HPS1 could not be distinguished on the native gel, further 
experiments were carried out in which we preformed stable complexes of the neuronal 
SNAREs Syntaxin1a, SN1, and Synaptobrevin2 (Figure 4.20. A) and Syntaxin1a, SN2, and 
Synaptobrevin2 (Figure 4.20.B). On addition of HPS1, both complexes were transformed into 






















Figure 4.20: HPS1 interacts with different sub-complexes of neuronal SNARE proteins. 
A-B) show the enrichment of SN1–Syb–Syx1 and SN2–Syb–Syx1 complexes monitored by 
non-denaturing gel electrophoresis. Approximate stoichiometric amounts of (A) Syx1 and 
SN1 or (B) Syx1 and SN2 were mixed. Note that Syx1 and SN1 assemble into a stable Syx1–
SN1 complex, whereas Syx1 and SN2 do not interact. Upon addition of increasing amounts of 
Syb to the two different premixes, a new complex band appears. The Syx1–Syb–SN1- and 
Syx1–Syb–SN2 complexes can be isolated, but their precise stoichiometry is not known. 
Addition of the missing SNARE domain transforms them into the quaternary SNARE 
complex. D, E, and C) show that a new complex band appeared upon mixing of the enriched 
Syx1–Syb– SN1 and Syx1–Syb–SN2 complexes with HPS1.The four SNARE motifs of 
neuronal SNARE proteins can assemble into different stable sub-complexes (Fasshauer et al., 
1998a). HPS1 can transform these sub-complexes by forming new stable complexes 
containing HPS1. However, these HPS1 complexes cannot be separated by non-denaturing 
gel electrophoresis. In three different experiments, constant amounts of preassembled 
neuronal sub-complexes, (A’) the SN1–Syb–Syx1, (B’) the SN2–Syb–Syx1 (see A and B) for 
the enrichment of the sub-complexes) and (C) the SN1–Syx1 complex were mixed with 
increasing amounts of HPS1. In each gel, the respective neuronal sub-complex disappeared 
upon the addition of increasing amounts of HPS1; a new complex band appeared as indicated. 
All incubations were performed as described in the legend of Figure 4.19. Proteins were 
visualized by Coomassie Blue staining. Syx1: Synatxin1a, SN1 + SN2 = SNAP25b, Syb: 
Synaptobrevin2, HPS1= Heimdallarchaeota Prototypic SNARE from Candidatus 
Heimdallarchaeota archaeon B3-JM-08.  















These observations were supported by size exclusion experiments (Figure 4.21). All in all, 
these experiments suggested that HPS1 could take over different helix positions when it 
interacts with neuronal SNARE proteins: apparently, it can act as a R-, Qb-, or Qc-helix. Not 
surprisingly, the different HPS1-complexes were less stable than the quaternary neuronal 






































Figure 4.21: Size exclusion chromatographic elution profiles for the SNARE motifs of 
individual neuronal SNARE proteins, HPS1 and different mixes as indicated. Prior to 
separation on a Superdex 200 10/300 exclusion column (GE Healthcare®), equimolar protein 
mixes (about 15 µM) were incubated overnight in standard buffer (20 mM Tris pH 7.4, 1 mM 
EDTA) containing 150 mM NaCl. Note that the individual proteins, although their molecular 
mass is very similar, elute at different volumes.   
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I performed similar mixing experiments with the SNARE-like region of OLS22354.1 (HPS2) 
from H. LC_2. HPS2 was able to interact as well but, in contrast to the somewhat 
promiscuous HPS1, HPS2 formed a stable complex only in combination with two SNAREs, 
Syntaxin1a and Synaptobrevin2 (Figure 4.22 - lane 19).  
 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21  
•     • • • • • • •  • • • •  •   Syntaxin1a (Qa.IV) 
 •    • • •  • • • • •      •  SN1 (Qb.IV) 
  •    •  • •  • •  •      • SN2 (Qc.IV) 
   •    • • •   • • •  • • • • • Synaptobrevin2 (R.IV) 
















Figure 4.22: Interaction pattern of HPS2 with neuronal SNARE proteins, visualized by 
non-denaturing gel electrophoresis. The SNARE-like region of OLS22354.1 from 
Heimdallarchaeota LC_2, termed HPS2 (aa135–217), was mixed in different combinations 
with the neuronal SNAREs Syntaxin1a (Qa), Synaptobrevin2 (R), and the two SNARE motifs 
of SNAP-25, SN1 (Qb.IV), and SN2 (Qc.IV), which were used as independent proteins. All 
incubations were performed as described in Figure 4.19. HPS2 formed a stable complex in 
combination with the two SNAREs Syntaxin1a and Synaptobrevin2 as indicated by the 
arrows. Stable complexes of neuronal proteins are indicated as in Figure 4.19: binary complex 
consisting of Synatxin1a–SN1–SN2 (BC), a Syntaxin1a–SN1–Syb2 complex; *1), a 
Syntaxin1a–SN2–Synaptobrevin2 complex (*2), and a quaternary complex (QC) (Fasshauer 
et al., 1998a). Note that Synaptobrevin2 is not detectable in the non-denaturing gel (Lane 4) 
because of its isoelectric point of 8.5. 
 
 
The biochemical experiments suggest that the Asgard SNARE-like proteins are able to 
interact with a set of eukaryotic SNARE proteins that normally assemble into a stable 
complex to drive secretion of synaptic vesicles in animals. Given the fact that the Asgard 







←               ←  
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and in line with the idea that they might be ancestors, it is not surprising that the Asgard 
proteins are less selective than eukaryotic proteins for the position in the bundle. The lack of 
distinctive sequence features provides an explanation why the non-cognate complexes 
containing Asgard proteins are less stable than the cognate neuronal SNARE complex. 
 
A titration of the two different Heimdall SNARE domains (HPS1 and HPS2) was then used in 
our study (Figure 4.23). To a given amount of HPS2, increasing amounts of HPS1 were 
added. HPS2 can be seen as band in a native gel; HPS1 cannot be seen as a band because of 
its isoelectric point above 8. However, upon adding increasing amounts of HPS1 to HPS2, a 
new HPS1/HPS2 complex band appears (Figure 4.23 - on top of the gel), while the band of 





















Figure 4.23: Interaction of HPS1 with HPS2. Approximately ~10 µM concentration were 
used for HPS2. Increasing amounts of HPS1 were added and incubated overnight at 4°C in 
standard buffer (20 mM Tris, pH 7.4, 1 mM EDTA) containing 100 mM NaCl prior to 
separation by non-denaturing gel electrophoresis. The gel was stained with Coomassie Blue. 
The SNARE-like region of PWI47941.1 from Heimdallarchaeota B3-JM-08 is termed HPS1 
(aa 159–211), while the SNARE-like region of OLS22354.1 from Heimdallarchaeota LC_2 is 
termed HPS2 (aa 135–217).  
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← HPS2            
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In order to monitor the structures of the SNARE-like region of PWI47941.1 from 
Heimdallarchaeota B3-JM-08 termed HPS1 as well as the SNARE-like region of 
OLS22354.1 from Heimdallarchaeota LC_2 termed HPS2, circular dichroism (CD) 
spectroscopy was employed (Figure 4.24). CD varies according to the secondary structure, 
and thus allows obtaining a qualitative result on the secondary structure (α-helical or 
unfolded). In this study, CD revealed that the “SNAREs” from HPS1 and HPS2 are α-helical, 
strongly implying that they form a helical bundle. Of course, it needs to be investigated in the 






















Figure 4.24: Characterization of the secondary structure of HP1 and HPS2 by CD 
spectroscopy reveals α-helical structure. Each HPS1 /2 spectrum revealed two negative 
bands (*) of similar magnitude at 222 and 208 nm, and a positive band (*) at ~ 190 nm, 
characteristic of α-helix proteins. For all measurements, the proteins were used in a buffer 
containing 20 mM NaH2PO4/Na2HPO4 pH: 7.4 and 150 mM NaCl. Experiments were 
performed in 0.1 cm-cuvettes. The SNARE-like region of PWI47941.1 from 
Heimdallarchaeota B3-JM-08 is termed HPS1 (aa 159–211), while the SNARE-like region of 
OLS22354.1 from Heimdallarchaeota LC_2 is termed HPS2 (aa 135–217). 
 
In a phylogenetic tree (Figure 4.25), the SNARE-like sequences from Heimdallarchaeota 
branch outside the four major types of eukaryotic SNAREs (Qa-, Qb-, Qc-, and R-SNARE), 
supporting the idea that the Asgard proteins are likely to constitute prototypic SNARE 
proteins that are related to the last common ancestor of SNARE proteins, from which the four 



















































Figure 4.25: Phylogenetic analysis of eukaryotic and archaic SNARE proteins. To gain 
insights into the evolutionary relationship between eukaryotic SNAREs and Asgard SNARE-
like proteins, we constructed a maximum likelihood tree from typical SNAREs of 24 
representative eukaryotic species, which cover the diversity of the eukaryotic domain, and 
from four SNARE-like sequences from the Heimdallarchaeota clade. In the tree, the 4 Asgard 
SNARE-like sequences form a clade that is separate from eukaryotic SNAREs, indicating that 
they are genuinely derived from Asgard metagenomes and are not the result of eukaryotic 
contamination. The eukaryotic SNAREs split, as shown previously, into 4 main groups, Qa-, 
Qb-, Qc-, and R-SNAREs, which correspond to the 4 different positions in the 4-helix bundle 
SNARE complexes (Kloepper et al., 2007). This suggests that eukaryotic SNAREs co-
evolved into four interlocking types from a prototypic common ancestor. Despite the 
relatively short sequence alignment (53 amino acids), the eukaryotic Qa- and R-SNARE 
groups are relatively well supported, whereas the Qb- and the Qc-groups are more divergent, 
since their sequence features are less conserved. Conserved SNAREs are shown as collapsed 
clades. The remaining branches are labeled by a 4-letter species identifier (the first two letters 
from the genus and species names) (Kloepper et al., 2007). Statistical support values 
(likelihood-mapping, IQ-TREE support, RAxML support, PhyML support) are given at 
selected inner edges. The scale bar indicates the number of substitutions per site. Modified 
from Neveu and Khalifeh et al., 2020. 
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CHAPTER 5: DISCUSSION 
 
The main characteristic distinguishing eukaryotic cells from prokaryotic cells is the presence 
of abundant membrane-bound organelles, which subdivide the intracellular space into distinct 
compartments (Gould et al., 2018). How the eukaryotic cell acquired its internal complexity is 
still poorly understood. Material exchange between organelles occurs via vesicles that bud off 
from a source membrane and specifically fuse with a target compartment (Jahn and 
Fasshauer, 2012). Several highly conserved protein families are involved in the vesicle fusion 
process, including, SNARE, SM, Rab, and tethering proteins. These proteins are conserved 
not only between different eukaryotic species but also between the distinct trafficking steps 
(Cai et al., 2007), suggesting that the different machineries (budding, transport, and fusion) 
were all duplicated and then diversified from a common ancestor.  
 
SNARE proteins are at the core of the fusion machinery; they form a tight complex between 
opposing membranes, a process that fuses the vesicle to the target compartment. The 
characteristic feature of all SNAREs is the SNARE motif. A highly stable, hetero-oligomeric 
four-helical bundle is formed when these disordered proteins are mixed. The assembly 
reaction is accompanied by major structural rearrangements. The protease-resistant portion of 
the formed complex is referred to as the “SNARE core complex” and comprises the SNARE 
motifs of the four participating proteins (Fasshauer et al., 1998a). X-ray structural analysis 
revealed that the SNARE core complex consists of four parallel α-helices. These helices form 
16-stacked layers of interacting side chains (Sutton et al., 1998). The composition of the 0-
layer residues led to the classification of SNAREs into Q- and R- SNAREs (Weimbs et al., 
1997, Fasshauer et al., 1998b). In 2007, our team established a more rigorous phylogenetic 
classification of all eukaryotic SNAREs. SNARE proteins were found to split into Qa-, Qb-, 
Qc- and R-types, reflecting their position in the four-helix bundle complex (Kloepper et al., 
2007). Among these four basic types, about 20 SNARE subclasses were described that 
probably represent the original repertoire of LECA. This repertoire corresponds to different 
SNARE units working in specific trafficking steps inside the cell that were modulated 
independently in different lines of organisms. The analysis identified specific HMMs that can 
distinguish four groups of SNAREs: I (ER), II (Golgi), III (TGN / endosome) and IV (plasma 
 106 
secretion) (Kloepper et al., 2007). That the LECA already possessed a complex repertoire of 
SNAREs and other trafficking factors suggests that these proteins arose by duplication and 
diversification of a prototypic vesicle fusion machinery. Intriguingly, no direct orthologs of 
SNAREs and other trafficking factors have yet been identified in prokaryotes. Indeed, the 
origins of eukaryotic cells remain an enigma. The eukaryotes emerged from a symbiosis 
between a relative of α -proteobacteria (Martijn et al., 2018) and most probably a relative of 
the archaea from the Asgard clade (Zaremba-Niedzwiedzka et al., 2017). To shed light on the 
prokaryotic roots of SNAREs, our laboratory has recently scanned the NCBI protein 
databases for bacteria and archaea and found about 5,000 matches with significant e-values. 
 
5.1 The assembly of a less well-known SNARE complex: 
ER-SNARE complex 
 
Most insights into how SNARE proteins work have been achieved through studies on the 
SNARE complex involved in secretion and endosomal trafficking. In particular the SNARE 
proteins involved in neuronal communication have been worked on intensively biochemically 
and in vivo. Until now, more divergent complexes such as the ER-SNARE complex have been 
somewhat neglected. At the start of my project, I investigated the ER complex in order to 
understand its assembly pathway and whether this complex functions in a similar way to 
known SNARE units. Does its assembly occur stepwise? Does an SM protein control its 
assembly? In contrast to the neuronal complex, which consists of three SNARE proteins 
(Qa.IV-, Qb.IV- and Qc.IV- fused into one protein, and R.IV-SNARE), four different SNARE 
proteins (Qa-, Qb-, Qc-, and R-SNARE) execute most of the other fusion machineries.  
 
In order to investigate the assembly reaction of the SNARE complex involved in retrograde 
trafficking from the Golgi apparatus towards the ER, I purified the SNARE domains from all 
four constituents of this complex as recombinant proteins expressed in E.coli. To understand 
whether the proteins only assemble into a quaternary complex or if other stable complexes are 
formed, I mixed all possible combinations and ran the individual proteins and mixtures on 
non-denaturing gels. A new band corresponding to the quaternary complex composed of 
Syntaxin18, Sec20, Use1, and Sec22, appeared when all four proteins were mixed. 
Furthermore, a different band appeared when only Syntaxin18, Sec20 and Sec22 were mixed, 
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suggesting that they can assemble into a ternary complex. It is interesting to note that 
neuronal and ER-SNAREs are divergent in several aspects: dissimilar conservation patterns, 



















Figure 5.1: Neuronal and ER-SNAREs are divergent. A) Sequence comparison of Qa-
SNARE proteins. Modified from Dergai. B) Different 0-layer composition between neuronal 
and ER-SNARE complexes. C) Phylogenetic tree of human Qa-SNAREs. Modified from 
Kloepper. Syx1a= Syntaxin1a (Qa.IV-), Syx18= Syntaxin18 (Qa.I-SNARE). R=asparagine, 
Q= glutamine, S= serine, and D= aspartic acid. Hosa: homo sapien. 
 
 
Dr. Dergai, a postdoc in the lab showed that the percentage of similarity is weak when the 
neuronal SNARE protein Syntaxin1a (Qa.IV) is compared to the ER-SNARE protein 
Syntaxin18 (Qa.I) (Figure 5.1.A). Concerning composition of the 0 layer, like all the 
SNAREs, neuronal SNAREs have a 0-layer composed of three glutamines (Q) and one 
arginine (R). But the ER-SNARE complex has a different composition of the 0-layers (Figure 
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contributes a serine and Use1 aspartic acid to the central layer. Concerning the phylogenetic 
tree, another postdoc in the lab, Dr. Kloepper, showed that the ER-SNARE complex is well 
separated from the neuronal SNARE (Figure 5.1.C). The lengths of the branches give you an 
idea about the evolutionary distances between sequences. 
 
Despite homologies with the neuronal SNARE complex, the ER-SNARE complex seems to 
be fundamentally different. I was able to assemble the ER-SNARE complex composed of the 
four different SNARE proteins, Syntaxin18 (Qa.I-), Sec20 (Qb.I-), Use1 (Qc.I-), and (R.I-
SNARE). I noticed that a ternary complex (QabR.I-SNARE) was formed as well, but it is 
unclear whether this entity plays role in the assembly process or rather constitutes an off-
pathway assembly product. So far, the ER-SNARE complex has not been studied intensively 
and not much is known about its assembly pathway. In the future, it will be interesting to take 
a closer look at the assembly reaction of this complex using CD spectroscopy and a 
fluorescence anisotropy assay established in the laboratory. For the latter, it is necessary to 
label one of the subunits with a fluorescent dye to follow complex formation. As stated above, 
the ER-complex slightly deviates from other SNARE complexes as its central 0-layer is 
composed of a serine and an aspartic acid in the central layer. The 0-layer is believed to be 
important for the disassembly reaction driven by the ATPase NSF. It will be interesting to test 
whether the ER-complex can be efficiently disassembled. Perhaps a non-efficient disassembly 
is important in this complex? Finally, it will be fascinating to crystalize the ER-SNARE 
complex in order to determine the structure. Knowing that the function of proteins is directly 
dependent on their 3D structures, the assembly of the ER-SNARE complex will be clarified. 
 
5.2 The specificity of SNARE complex formation 
 
Eukaryotic cells contain several different sets of SNARE proteins that exhibit an organelle-
specific distribution. These sets catalyze vesicle trafficking steps between different 
compartments. The complex-forming SNARE domains are highly conserved and can be 
classified based on their sequences into four major types (Qa-, Qb-, Qc- and R-SNARE), 
reflecting their positions within the four-helix bundle. Each major type can be further 
classified into distinct subtypes (e.g. Qa.I, Qa.II…) that work in different trafficking steps 
(Figure 5.2). About 20 different SNARE subtypes exist, each having a signature sequence of 
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the residues involved in the core of the four-helix bundle, suggesting that they might only 
interact in cognate interactions (proteins come from the same intracellular membrane 

















Figure 5.2: Assignment of different SNARE units to different intracellular membrane-
trafficking pathways. Qa, Qb, Qc and R represent the 4 types of SNARE proteins; the 20 
SNARE subtypes are distributed throughout the groups (I, II, III and IV). The list of Mus 
musculus SNARE proteins is shown here as an example. Note that the two subtypes Qb and 
Qc. of Group IV are part of the same protein; indeed Qbc.IV (SNAP-25b) is connected by a 
flexible linker region (Margittai et al., 2001). GA: Golgi Apparatus; ER: Endoplasmic 
Reticulum; PM: Plasma Membrane; TGN: Trans Golgi Network. Modified from Fasshauer. 
 
 
The subunits of the ER-SNARE complex have different sequence signatures than those of the 
neuronal SNARE complex (Figure 5.1). I investigated whether it was possible to exchange 
subunits between the two complexes. Surprisingly, it turned out that exchanges were mainly 
tolerated. I broadened the approach to other SNARE proteins forming other non-cognate 
complexes. My results suggest that SNARE proteins are not selective as long as the four basic 









Qa: Syntaxin 16 
Qb: Vti1 
Qc: Syx6/8 
R : Vamp7 
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Qa: Syntaxin5 
Qb: Membrin / Gos28 
Qc: Bet1 /Gs15 











Qb + Qc: SNAP-25b 






Up to now, nobody has done these types of exchange experiments. This brings new 
knowledge to the field and with it several questions: How is the domain sequence conserved 
in evolution- rather for the function than the specificity? Why would you need specificity? 
What other aspects of the SNARE protein structure could bring specificity? How could you 
test if the non-cognate complexes are functional? 
 
Although the role of SNARE proteins in vesicle fusion is commonly accepted, the issue of 
vesicle docking and cargo delivery specificity remains a theme of debate. If the SNARE 
proteins are not specific, several lines of evidence suggest that SM proteins could play a 
major role in SNARE specificity, such as Munc18 and Sly1 which respectively increase and 
enhance pairing specificity of SNAREs (Shen et al., 2007, Peng and Gallwitz, 2002). 
 
5.3 Legionellales and viral SNAREs 
 
Different intracellular pathogens, such as bacteria and giant viruses, use the endomembrane 
systems of their host cells to enter, survive and replicate within them (Omotade and Roy, 
2019). To enter the eukaryotic host, some bacteria such as the gram-negative pathogen L. 
pneumophila, use the endomembrane system via phagocytosis; in which the plasma 
membrane of the eukaryotic host cells engulf the pathogens to form phagosomes. During 
phagocytosis, several factors seem to be involved in the attachment of the bacteria to the 
eukaryotic surface (Hoppe et al., 2017). In parallel, giant viruses such as Mimivirus attach to 
the membrane of the host cell through fibrils, which recognize the conserved glycan structures 
on the surface of host cells (Andrade et al., 2017). The giant viruses are then engulfed by 
phagocytosis allowing viruses to enter.  
 
Following internalization into host cells, L. pneumophila inject effector proteins into the 
host’s cytoplasm that modulate the activity of trafficking factors such as SNARE proteins. 
The effector proteins prevent fusion of the phagosomes to lysosomes and instead promote 
fusion of ER-derived vesicles with the phagosome to produce an ER-like vacuole. Known as 
“LCVs”, these intracellular compartments allow an increased efficiency of replication of 
bacterial particles, which protects them from host defenses. Some Legionella-effector proteins 
seem to act as typical eukaryotic SNARE proteins but are not true SNAREs. In parallel, 
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Mimivirus delivers its viral genome into the host cytoplasm where it is the starting point for 
the formation of intracellular compartment called “virus factories”. These factories act to 
increase the efficiency of replication-assembly of virus particles and protect them from host 
defenses (Colson et al., 2017). On comparing "virus factories" for Mimivirus and "LCV" for 
L. pneumophila, both appear to play a similar role in their eukaryotic host cells, i.e. to protect 
and replicate pathogens within the cytoplasm of the hosts. 
 
Using our established Hidden Markov Models (HMMs) for SNARE proteins (Kloepper et al., 
2007), we found SNAREs-like sequences in Legionellales and giant viruses. Do these 
sequences encode SNARE proteins? In order to validate this initial bioinformatic assessment, 
I tested the ability of these intracellular pathogens to interact with eukaryotic SNARE 
proteins. I expressed the SNARE-like region of these different intracellular pathogens in E. 
coli and purified the recombinant proteins. They were then tested in different combinations 
with the neuronal SNARE proteins Syntaxin1a (Qa-), SNAP25b (Qbc-), or Synaptobrevin2 
(R-SNARE). As implied in the bioinformatics approach, SNARE-like sequences from viruses 
and from Gram-negative pathogenic order Legionellales appear to encode true SNARE 
proteins that were probably acquired by lateral gene transfer from their eukaryotic hosts.  
 
Knowing that Legionellales and giant viruses contain authentic SNARE proteins, it will be 
interesting to know where their pathogenic SNAREs are used in the eukaryotic cells. Are 
pathogenic SNAREs used by the endomembrane system to enter the host or hijack membrane 
traffic to replicate and assemble in the host? In order to determine where Legionellales and 
giant viruses SNARE proteins could act in their hosts, immunoassay techniques such as 
immunofluorescence could be performed. Using antibodies specific to the SNARE pathogens, 
it would be possible to know if the pathogenic SNAREs interact with the plasma membrane 
of the host cells or if they interact in the cytoplasm with different organelles. 
 
Legionella as well as giant virus hijack the ER vesicles to produce intracellular compartments 
“LCV” for Legionella and “virus factories” for giant viruses. One of the factors injected by 
Legionella has been shown to act like a SNARE protein (Shi et al., 2016). However, the 
SNARE-like proteins described earlier in pathogenic bacteria are not true SNARE proteins 
but proteins with coiled-coil regions that can interact with true SNARE proteins (de Felipe et 
al., 2008, Paumet et al., 2009, Shi et al., 2016) The bacterial factors are thought to mimic 
SNARE proteins in order to divert vesicle trafficking. In our case, do the Legionellales and 
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viral SNARE proteins interact with eukaryotic ER-SNAREs? It will be interesting to perform 
interaction tests on denaturing / non-denaturing gels and size exclusion chromatography to 
determine which and how many ER-SNARE proteins (Synatxin18 (Qa.I-), Sec20 (Qb.I), 
Use1 (Qc.I-) and Sec22 (R.I-SNARE)) interact with pathogenic SNARE proteins. In parallel, 
other interaction tests could be performed from different trafficking steps inside the cell in 
order to understand how these pathogens use the endomembrane system of their hosts. 
 
In the midst of a pandemic, the natural question is whether SNARE proteins could play a role 
in virulence processes of theses intracellular pathogens. This question cannot be answered at 
present, but the better we understand the mechanisms of current pathogens, the better 
prepared we will be for new pathogens that will emerge in the future. 
 
5.4 SNARE proteins in the prokaryotic kingdom 
 
Unlike prokaryotic cells, which contain a single compartment enclosed by a cell membrane, 
eukaryotic cells are subdivided into many specialized internal membranes and structures 
called organelles. In eukaryotes, these organelles form a complicated endomembrane system 
in which SNARE proteins are at the core of the fusion machinery of vesicle travelling 
between organelles. The chimeric eukaryotic genomes suggest that eukaryotes emerged from 
an archaeal host with at least one bacterial lineage (Martin et al., 2017). A readily traceable 
event is the entry of an α-proteobacterium that evolved into power-producing organelles, the 
mitochondria, inside the host cell (Martijn et al., 2018).  
 
In order to search for prototypic SNARE proteins, we scanned the NCBI protein databases for 
archaea and bacteria (collectively known as prokaryotes). For this, we took advantage of 
Hidden Markov Model (HMM) profiles trained previously to classify the SNARE motifs of 
eukaryotic SNARE proteins. Among 5,000 SNARE-like sequence in prokaryotes found, I 
tested one from an α-proteobacterium and two from Heimdallaarchaetoa, that might be 
potential ancestors of eukaryotic SNARE proteins. I wanted to find out which of the two 
could be an ancestral SNARE protein that gave rise to the eukaryotic vesicle fusion 
machinery. This could help to address the question whether the endomembrane system of 
eukaryotes was present before the mitochondrion was acquired or whether it arose afterwards. 
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The largest group of sequences with a potential SNARE domain is present in the so-called 
MCP proteins, which are transmembrane sensor proteins of bacteria. The HMM found 
SNARE-like sequences close to the C-terminal in the middle of the methylation domain. The 
best scoring SNARE-like sequence were found in α-proteobacteria. α-proteobacteria are 
closely related to the ancestor of mitochondria and a possible scenario for the origins of 
SNARE proteins in eukaryotes would be that they were inherited by a α-proteobacteria that 
lived inside of another prokaryote, which, very likely, was an archaea. For my biochemical 
investigation, I used the SNARE-like sequence from an MCP of the α-protobacterium 
Thalassospira australica. To determine whether this protein interacts with other SNAREs, I 
performed interaction tests with the neuronal SNARE proteins, which I did not detect in α-
proteobacteria, the closest relatives of mitochondria. A different possible scenario for the 
origin of SNARE proteins could be that they were inherited from Archaea that may have 
evolved a membrane trafficking system, though probably less elaborated than in 
contemporary eukaryotic cells. Currently, it is thought that Asgard archaea are the closest 
living relatives of eukaryotes. It is conceivable that SNARE proteins emerged in this group of 
archaea. We found two related sequences in Heimdallarchaeoata (SNARE-like region of 
PWI47941.1 from Heimdallarchaeota B3-JM-08 termed HPS1 and the SNARE-like region of 
OLS22354.1 from Heimdallarchaeota LC_2 termed HPS2), which belong to the Asgard 
superphylum. The phylogenetic tree showed these two sequences could be a prototypic 
SNARE sequence.  
 
The putative SNARE sequences of Heimdallarchaeoata (HPS) are very interesting, because 
they possess, in contrast to SNARE sequences in MCPs, a C-terminal TMR and an N-terminal 
region that could fold into a three-helix bundle as found in many SNARE proteins. In other 
words, their domain structure resembles that of a typical eukaryotic SNARE protein. 
Biochemical experiments show that the archaeal SNARE-like proteins can interact with 
eukaryotic SNARE proteins. Furthermore, biophysical experiments such as circular dichroism 
spectroscopy revealed that the “SNAREs” of HPS1 and HPS2 are α-helical, strongly implying 
that they could form a helical bundle. Of course, whether the complex formed is indeed a 
four-helix bundle structure needs to be investigated in the future.	Biochemical and biophysical 




Currently, no cellular investigations can corroborate this bold idea of an endomembrane 
system within the uncultured Asgard archaea. To learn more about Asgard cellular biology, 
metabolism and the functionality of the genes identified, culture experiments must be 
conducted. Very recently, a group of researchers isolated a strain, MK-D1, identified as a 
Lokiarchaeota and cultivated it after a long effort (around 15 years) (Imachi et al., 2020). So 
far, the study discovered interesting features in MK-D1, as it seems to grow syntrophically 
with bacterial strains and presents unique membrane protrusions among archaea. Regarding 
lipids, MK-D1 is not different from other archaea. Once the genome sequence is published 
and confirmed, and discoveries verified, it might help settle some of the debate mentioned 





ABERGEL, C., LEGENDRE, M. & CLAVERIE, J. M. 2015. The rapidly expanding universe 
of giant viruses: Mimivirus, Pandoravirus, Pithovirus and Mollivirus. FEMS 
Microbiol Rev, 39, 779-96. 
ADAM, P. S., BORREL, G., BROCHIER-ARMANET, C. & GRIBALDO, S. 2017. The 
growing tree of Archaea: new perspectives on their diversity, evolution and ecology. 
Isme j, 11, 2407-2425. 
AHERFI, S., COLSON, P., LA SCOLA, B. & RAOULT, D. 2016. Giant Viruses of 
Amoebas: An Update. Front Microbiol, 7, 349. 
AKIL, C. & ROBINSON, R. C. 2018. Genomes of Asgard archaea encode profilins that 
regulate actin. Nature, 562, 439-443. 
AKIL, C., TRAN, L. T., ORHANT-PRIOUX, M., BASKARAN, Y., MANSER, E., 
BLANCHOIN, L. & ROBINSON, R. C. 2019. Complex eukaryotic-like actin 
regulation systems from Asgard archaea. bioRxiv, 768580. 
ALBERS, S. V. & MEYER, B. H. 2011. The archaeal cell envelope. Nat Rev Microbiol, 9, 
414-26. 
ALEXANDER, R. P. & ZHULIN, I. B. 2007. Evolutionary genomics reveals conserved 
structural determinants of signaling and adaptation in microbial chemoreceptors. Proc 
Natl Acad Sci U S A, 104, 2885-90. 
ALLOMBERT, J., FUCHE, F., MICHARD, C. & DOUBLET, P. 2013. Molecular mimicry 
and original biochemical strategies for the biogenesis of a Legionella pneumophila 
replicative niche in phagocytic cells. Microbes Infect, 15, 981-8. 
ALTSCHUL, S. F., GISH, W., MILLER, W., MYERS, E. W. & LIPMAN, D. J. 1990. Basic 
local alignment search tool. J Mol Biol, 215, 403-10. 
ANDRADE, A., ARANTES, T. S., RODRIGUES, R. A. L., MACHADO, T. B., DORNAS, 
F. P., LANDELL, M. F., FURST, C., BORGES, L. G. A., DUTRA, L. A. L., 
ALMEIDA, G., TRINDADE, G. S., BERGIER, I., ABRAHAO, W., BORGES, I. A., 
CORTINES, J. R., DE OLIVEIRA, D. B., KROON, E. G. & ABRAHAO, J. S. 2018. 
Ubiquitous giants: a plethora of giant viruses found in Brazil and Antarctica. Virol J, 
15, 22. 
ANDRADE, A., RODRIGUES, R. A. L., OLIVEIRA, G. P., ANDRADE, K. R., 
BONJARDIM, C. A., LA SCOLA, B., KROON, E. G. & ABRAHAO, J. S. 2017. 
Filling Knowledge Gaps for Mimivirus Entry, Uncoating, and Morphogenesis. J Virol, 
91. 
ANDREANI, J., VERNEAU, J., RAOULT, D., LEVASSEUR, A. & LA SCOLA, B. 2018. 
Deciphering viral presences: two novel partial giant viruses detected in marine 
metagenome and in a mine drainage metagenome. Virol J, 15, 66. 
ANTONIN, W., FASSHAUER, D., BECKER, S., JAHN, R. & SCHNEIDER, T. R. 2002. 
Crystal structure of the endosomal SNARE complex reveals common structural 
principles of all SNAREs. Nat Struct Biol, 9, 107-11. 
AOKI, T., KOJIMA, M., TANI, K. & TAGAYA, M. 2008. Sec22b-dependent assembly of 
endoplasmic reticulum Q-SNARE proteins. Biochem J, 410, 93-100. 
ARASAKI, K. & ROY, C. R. 2010. Legionella pneumophila promotes functional interactions 
between plasma membrane syntaxins and Sec22b. Traffic, 11, 587-600. 
 116 
ARASAKI, K., TOOMRE, D. K. & ROY, C. R. 2012. The Legionella pneumophila effector 
DrrA is sufficient to stimulate SNARE-dependent membrane fusion. Cell Host 
Microbe, 11, 46-57. 
ARCHBOLD, J. K., WHITTEN, A. E., HU, S. H., COLLINS, B. M. & MARTIN, J. L. 2014. 
SNARE-ing the structures of Sec1/Munc18 proteins. Curr Opin Struct Biol, 29, 44-51. 
ARCHIBALD, J. M. 2015. Endosymbiosis and Eukaryotic Cell Evolution. Curr Biol, 25, 
R911-21. 
AYONG, L., DASILVA, T., MAUSER, J., ALLEN, C. M. & CHAKRABARTI, D. 2011. 
Evidence for prenylation-dependent targeting of a Ykt6 SNARE in Plasmodium 
falciparum. Mol Biochem Parasitol, 175, 162-8. 
BACKSTROM, D., YUTIN, N., JORGENSEN, S. L., DHARAMSHI, J., HOMA, F., 
ZAREMBA-NIEDWIEDZKA, K., SPANG, A., WOLF, Y. I., KOONIN, E. V. & 
ETTEMA, T. J. G. 2019. Virus Genomes from Deep Sea Sediments Expand the Ocean 
Megavirome and Support Independent Origins of Viral Gigantism. mBio, 10. 
BAKER, R. W. & HUGHSON, F. M. 2016. Chaperoning SNARE assembly and disassembly. 
Nat Rev Mol Cell Biol, 17, 465-79. 
BANTA, L. M., VIDA, T. A., HERMAN, P. K. & EMR, S. D. 1990. Characterization of 
yeast Vps33p, a protein required for vacuolar protein sorting and vacuole biogenesis. 
Mol Cell Biol, 10, 4638-49. 
BARIK, S. 2018. A Family of Novel Cyclophilins, Conserved in the Mimivirus Genus of the 
Giant DNA Viruses. Comput Struct Biotechnol J, 16, 231-236. 
BAUMERT, M., MAYCOX, P. R., NAVONE, F., DE CAMILLI, P. & JAHN, R. 1989. 
Synaptobrevin: an integral membrane protein of 18,000 daltons present in small 
synaptic vesicles of rat brain. Embo j, 8, 379-84. 
BETHANI, I., LANG, T., GEUMANN, U., SIEBER, J. J., JAHN, R. & RIZZOLI, S. O. 
2007. The specificity of SNARE pairing in biological membranes is mediated by both 
proof-reading and spatial segregation. Embo j, 26, 3981-92. 
BONEN, L., CUNNINGHAM, R. S., GRAY, M. W. & DOOLITTLE, W. F. 1977. Wheat 
embryo mitochondrial 18S ribosomal RNA: evidence for its prokaryotic nature. 
Nucleic Acids Res, 4, 663-71. 
BONIFACINO, J. S. & GLICK, B. S. 2004. The mechanisms of vesicle budding and fusion. 
Cell, 116, 153-66. 
BORISOVSKA, M., ZHAO, Y., TSYTSYURA, Y., GLYVUK, N., TAKAMORI, S., 
MATTI, U., RETTIG, J., SUDHOF, T. & BRUNS, D. 2005. v-SNAREs control 
exocytosis of vesicles from priming to fusion. Embo j, 24, 2114-26. 
BOYER, M., YUTIN, N., PAGNIER, I., BARRASSI, L., FOURNOUS, G., ESPINOSA, L., 
ROBERT, C., AZZA, S., SUN, S., ROSSMANN, M. G., SUZAN-MONTI, M., LA 
SCOLA, B., KOONIN, E. V. & RAOULT, D. 2009. Giant Marseillevirus highlights 
the role of amoebae as a melting pot in emergence of chimeric microorganisms. Proc 
Natl Acad Sci U S A, 106, 21848-53. 
BROCHIER-ARMANET, C., FORTERRE, P. & GRIBALDO, S. 2011. Phylogeny and 
evolution of the Archaea: one hundred genomes later. Curr Opin Microbiol, 14, 274-
81. 
BRUNGER, A. T., CHOI, U. B., LAI, Y., LEITZ, J., WHITE, K. I. & ZHOU, Q. 2019. The 
pre-synaptic fusion machinery. Curr Opin Struct Biol, 54, 179-188. 
BULZU, P. A., ANDREI, A. S., SALCHER, M. M., MEHRSHAD, M., INOUE, K., 
KANDORI, H., BEJA, O., GHAI, R. & BANCIU, H. L. 2019. Casting light on 
Asgardarchaeota metabolism in a sunlit microoxic niche. Nat Microbiol, 4, 1129-
1137. 
 117 
CAI, H., REINISCH, K. & FERRO-NOVICK, S. 2007. Coats, tethers, Rabs, and SNAREs 
work together to mediate the intracellular destination of a transport vesicle. Dev Cell, 
12, 671-82. 
CAO, X., BALLEW, N. & BARLOWE, C. 1998. Initial docking of ER-derived vesicles 
requires Uso1p and Ypt1p but is independent of SNARE proteins. Embo j, 17, 2156-
65. 
CHRIST, L., RAIBORG, C., WENZEL, E. M., CAMPSTEIJN, C. & STENMARK, H. 2017. 
Cellular Functions and Molecular Mechanisms of the ESCRT Membrane-Scission 
Machinery. Trends Biochem Sci, 42, 42-56. 
CHRISTOFORIDIS, S., MCBRIDE, H. M., BURGOYNE, R. D. & ZERIAL, M. 1999. The 
Rab5 effector EEA1 is a core component of endosome docking. Nature, 397, 621-5. 
CLAVERIE, J. M., GRZELA, R., LARTIGUE, A., BERNADAC, A., NITSCHE, S., 
VACELET, J., OGATA, H. & ABERGEL, C. 2009. Mimivirus and Mimiviridae: 
giant viruses with an increasing number of potential hosts, including corals and 
sponges. J Invertebr Pathol, 101, 172-80. 
COLSON, P., LA SCOLA, B., LEVASSEUR, A., CAETANO-ANOLLES, G. & RAOULT, 
D. 2017. Mimivirus: leading the way in the discovery of giant viruses of amoebae. Nat 
Rev Microbiol, 15, 243-254. 
COLSON, P., PAGNIER, I., YOOSUF, N., FOURNOUS, G., LA SCOLA, B. & RAOULT, 
D. 2013. "Marseilleviridae", a new family of giant viruses infecting amoebae. Arch 
Virol, 158, 915-20. 
CORNEJO, E., SCHLAERMANN, P. & MUKHERJEE, S. 2017. How to rewire the host cell: 
A home improvement guide for intracellular bacteria. J Cell Biol, 216, 3931-3948. 
DACKS, J. B. & FIELD, M. C. 2018. Evolutionary origins and specialisation of membrane 
transport. Curr Opin Cell Biol, 53, 70-76. 
DASTE, F., GALLI, T. & TARESTE, D. 2015. Structure and function of longin SNAREs. J 
Cell Sci, 128, 4263-72. 
DE FELIPE, K. S., GLOVER, R. T., CHARPENTIER, X., ANDERSON, O. R., REYES, M., 
PERICONE, C. D. & SHUMAN, H. A. 2008. Legionella eukaryotic-like type IV 
substrates interfere with organelle trafficking. PLoS Pathog, 4, e1000117. 
DELEVOYE, C., NILGES, M., DEHOUX, P., PAUMET, F., PERRINET, S., DAUTRY-
VARSAT, A. & SUBTIL, A. 2008. SNARE protein mimicry by an intracellular 
bacterium. PLoS Pathog, 4, e1000022. 
DEMIRCIOGLU, F. E., BURKHARDT, P. & FASSHAUER, D. 2014. The SM protein Sly1 
accelerates assembly of the ER-Golgi SNARE complex. Proc Natl Acad Sci U S A, 
111, 13828-33. 
DUBUKE, M. L. & MUNSON, M. 2016. The Secret Life of Tethers: The Role of Tethering 
Factors in SNARE Complex Regulation. Front Cell Dev Biol, 4, 42. 
DULUBOVA, I., YAMAGUCHI, T., ARAC, D., LI, H., HURYEVA, I., MIN, S. W., RIZO, 
J. & SUDHOF, T. C. 2003. Convergence and divergence in the mechanism of SNARE 
binding by Sec1/Munc18-like proteins. Proc Natl Acad Sci U S A, 100, 32-7. 
DURON, O., DOUBLET, P., VAVRE, F. & BOUCHON, D. 2018. The Importance of 
Revisiting Legionellales Diversity. Trends Parasitol, 34, 1027-1037. 
EDDY, S. R. 1998. Profile hidden Markov models. Bioinformatics, 14, 755-63. 
ELLENA, J. F., LIANG, B., WIKTOR, M., STEIN, A., CAFISO, D. S., JAHN, R. & TAMM, 
L. K. 2009. Dynamic structure of lipid-bound synaptobrevin suggests a nucleation-
propagation mechanism for trans-SNARE complex formation. Proc Natl Acad Sci U S 
A, 106, 20306-11. 
EME, L., SPANG, A., LOMBARD, J., STAIRS, C. W. & ETTEMA, T. J. G. 2017. Archaea 
and the origin of eukaryotes. Nat Rev Microbiol, 15, 711-723. 
 118 
ETTEMA, T. J. & BERNANDER, R. 2009. Cell division and the ESCRT complex: A 
surprise from the archaea. Commun Integr Biol, 2, 86-8. 
FASSHAUER, D. 2003. Structural insights into the SNARE mechanism. Biochim Biophys 
Acta, 1641, 87-97. 
FASSHAUER, D., ANTONIN, W., MARGITTAI, M., PABST, S. & JAHN, R. 1999. Mixed 
and non-cognate SNARE complexes. Characterization of assembly and biophysical 
properties. J Biol Chem, 274, 15440-6. 
FASSHAUER, D., ANTONIN, W., SUBRAMANIAM, V. & JAHN, R. 2002. SNARE 
assembly and disassembly exhibit a pronounced hysteresis. Nat Struct Biol, 9, 144-51. 
FASSHAUER, D., BRUNS, D., SHEN, B., JAHN, R. & BRUNGER, A. T. 1997a. A 
structural change occurs upon binding of syntaxin to SNAP-25. J Biol Chem, 272, 
4582-90. 
FASSHAUER, D., ELIASON, W. K., BRUNGER, A. T. & JAHN, R. 1998a. Identification 
of a minimal core of the synaptic SNARE complex sufficient for reversible assembly 
and disassembly. Biochemistry, 37, 10354-62. 
FASSHAUER, D., OTTO, H., ELIASON, W. K., JAHN, R. & BRUNGER, A. T. 1997b. 
Structural changes are associated with soluble N-ethylmaleimide-sensitive fusion 
protein attachment protein receptor complex formation. J Biol Chem, 272, 28036-41. 
FASSHAUER, D., SUTTON, R. B., BRUNGER, A. T. & JAHN, R. 1998b. Conserved 
structural features of the synaptic fusion complex: SNARE proteins reclassified as Q- 
and R-SNAREs. Proc Natl Acad Sci U S A, 95, 15781-6. 
FASSHAUER, M., IWIG, M. & GLAESSER, D. 1998c. Synthesis of proto-oncogene 
proteins and cyclins depends on intact microfilaments. Eur J Cell Biol, 77, 188-95. 
FERNANDEZ, I., UBACH, J., DULUBOVA, I., ZHANG, X., SUDHOF, T. C. & RIZO, J. 
1998. Three-dimensional structure of an evolutionarily conserved N-terminal domain 
of syntaxin 1A. Cell, 94, 841-9. 
FIEBIG, K. M., RICE, L. M., POLLOCK, E. & BRUNGER, A. T. 1999. Folding 
intermediates of SNARE complex assembly. Nat Struct Biol, 6, 117-23. 
FISCHER VON MOLLARD, G. & STEVENS, T. H. 1999. The Saccharomyces cerevisiae v-
SNARE Vti1p is required for multiple membrane transport pathways to the vacuole. 
Mol Biol Cell, 10, 1719-32. 
FRICKEY, T. & LUPAS, A. 2004. CLANS: a Java application for visualizing protein 
families based on pairwise similarity. Bioinformatics, 20, 3702-4. 
FURUKAWA, N. & MIMA, J. 2014. Multiple and distinct strategies of yeast SNAREs to 
confer the specificity of membrane fusion. Sci Rep, 4, 4277. 
GOITRE, L., TRAPANI, E., TRABALZINI, L. & RETTA, S. F. 2014. The Ras superfamily 
of small GTPases: the unlocked secrets. Methods Mol Biol, 1120, 1-18. 
GOMEZ-VALERO, L. & BUCHRIESER, C. 2019. Intracellular parasitism, the driving force 
of evolution of Legionella pneumophila and the genus Legionella. Microbes Infect, 21, 
230-236. 
GOODY, R. S., MULLER, M. P. & WU, Y. W. 2017. Mechanisms of action of Rab proteins, 
key regulators of intracellular vesicular transport. Biol Chem, 398, 565-575. 
GOSSING, M., CHIDAMBARAM, S. & FISCHER VON MOLLARD, G. 2013. Importance 
of the N-terminal domain of the Qb-SNARE Vti1p for different membrane transport 
steps in the yeast endosomal system. PLoS One, 8, e66304. 
GOUD, B., SALMINEN, A., WALWORTH, N. C. & NOVICK, P. J. 1988. A GTP-binding 
protein required for secretion rapidly associates with secretory vesicles and the plasma 
membrane in yeast. Cell, 53, 753-68. 
GOULD, A. L., ZHANG, V., LAMBERTI, L., JONES, E. W., OBADIA, B., KORASIDIS, 
N., GAVRYUSHKIN, A., CARLSON, J. M., BEERENWINKEL, N. & 
 119 
LUDINGTON, W. B. 2018. Microbiome interactions shape host fitness. Proc Natl 
Acad Sci U S A, 115, E11951-e11960. 
GREAVES, J., GORLEKU, O. A., SALAUN, C. & CHAMBERLAIN, L. H. 2010. 
Palmitoylation of the SNAP25 protein family: specificity and regulation by DHHC 
palmitoyl transferases. J Biol Chem, 285, 24629-38. 
GUY, L. & ETTEMA, T. J. 2011. The archaeal 'TACK' superphylum and the origin of 
eukaryotes. Trends Microbiol, 19, 580-7. 
HARTMAN, H. & FEDOROV, A. 2002. The origin of the eukaryotic cell: a genomic 
investigation. Proc Natl Acad Sci U S A, 99, 1420-5. 
HATA, Y., SLAUGHTER, C. A. & SUDHOF, T. C. 1993. Synaptic vesicle fusion complex 
contains unc-18 homologue bound to syntaxin. Nature, 366, 347-51. 
HAZZARD, J., SUDHOF, T. C. & RIZO, J. 1999. NMR analysis of the structure of 
synaptobrevin and of its interaction with syntaxin. J Biomol NMR, 14, 203-7. 
HENNE, W. M., BUCHKOVICH, N. J. & EMR, S. D. 2011. The ESCRT pathway. Dev Cell, 
21, 77-91. 
HILBI, H., ROTHMEIER, E., HOFFMANN, C. & HARRISON, C. F. 2014. Beyond Rab 
GTPases Legionella activates the small GTPase Ran to promote microtubule 
polymerization, pathogen vacuole motility, and infection. Small GTPases, 5, 1-6. 
HOHENSTEIN, A. C. & ROCHE, P. A. 2001. SNAP-29 is a promiscuous syntaxin-binding 
SNARE. Biochem Biophys Res Commun, 285, 167-71. 
HONG, W. & LEV, S. 2014. Tethering the assembly of SNARE complexes. Trends Cell Biol, 
24, 35-43. 
HONIGMANN, A. & PRALLE, A. 2016. Compartmentalization of the Cell Membrane. J 
Mol Biol, 428, 4739-4748. 
HOPPE, J., UNAL, C. M., THIEM, S., GRIMPE, L., GOLDMANN, T., GASSLER, N., 
RICHTER, M., SHEVCHUK, O. & STEINERT, M. 2017. PilY1 Promotes Legionella 
pneumophila Infection of Human Lung Tissue Explants and Contributes to Bacterial 
Adhesion, Host Cell Invasion, and Twitching Motility. Front Cell Infect Microbiol, 7, 
63. 
HORWITZ, M. A. 1983. Formation of a novel phagosome by the Legionnaires' disease 
bacterium (Legionella pneumophila) in human monocytes. J Exp Med, 158, 1319-31. 
HUANG, X., SUN, S., WANG, X., FAN, F., ZHOU, Q., LU, S., CAO, Y., WANG, Q. W., 
DONG, M. Q., YAO, J. & SUI, S. F. 2019. Mechanistic insights into the SNARE 
complex disassembly. Sci Adv, 5, eaau8164. 
HUTAGALUNG, A. H. & NOVICK, P. J. 2011. Role of Rab GTPases in membrane traffic 
and cell physiology. Physiol Rev, 91, 119-49. 
IMACHI, H., NOBU, M. K., NAKAHARA, N., MORONO, Y., OGAWARA, M., TAKAKI, 
Y., TAKANO, Y., UEMATSU, K., IKUTA, T., ITO, M., MATSUI, Y., MIYAZAKI, 
M., MURATA, K., SAITO, Y., SAKAI, S., SONG, C., TASUMI, E., YAMANAKA, 
Y., YAMAGUCHI, T., KAMAGATA, Y., TAMAKI, H. & TAKAI, K. 2020. 
Isolation of an archaeon at the prokaryote-eukaryote interface. Nature, 577, 519-525. 
ITZEN, A. & GOODY, R. S. 2011. GTPases involved in vesicular trafficking: structures and 
mechanisms. Semin Cell Dev Biol, 22, 48-56. 
IYER, L. M., ARAVIND, L. & KOONIN, E. V. 2001. Common origin of four diverse 
families of large eukaryotic DNA viruses. J Virol, 75, 11720-34. 
IYER, L. M., BALAJI, S., KOONIN, E. V. & ARAVIND, L. 2006. Evolutionary genomics of 
nucleo-cytoplasmic large DNA viruses. Virus Res, 117, 156-84. 
IZAWA, R., ONOUE, T., FURUKAWA, N. & MIMA, J. 2012. Distinct contributions of 
vacuolar Qabc- and R-SNARE proteins to membrane fusion specificity. J Biol Chem, 
287, 3445-53. 
 120 
JAHN, R. & FASSHAUER, D. 2012. Molecular machines governing exocytosis of synaptic 
vesicles. Nature, 490, 201-7. 
JAHN, R. & SCHELLER, R. H. 2006. SNAREs--engines for membrane fusion. Nat Rev Mol 
Cell Biol, 7, 631-43. 
JAHN, R. & SUDHOF, T. C. 1999. Membrane fusion and exocytosis. Annu Rev Biochem, 68, 
863-911. 
JAKHANWAL, S., LEE, C. T., URLAUB, H. & JAHN, R. 2017. An activated Q-
SNARE/SM protein complex as a possible intermediate in SNARE assembly. Embo j, 
36, 1788-1802. 
KELLEY, L. A., MEZULIS, S., YATES, C. M., WASS, M. N. & STERNBERG, M. J. 2015. 
The Phyre2 web portal for protein modeling, prediction and analysis. Nat Protoc, 10, 
845-58. 
KELLY, S., WICKSTEAD, B. & GULL, K. 2011. Archaeal phylogenomics provides 
evidence in support of a methanogenic origin of the Archaea and a thaumarchaeal 
origin for the eukaryotes. Proc Biol Sci, 278, 1009-18. 
KIENLE, N., KLOEPPER, T. H. & FASSHAUER, D. 2009. Phylogeny of the SNARE 
vesicle fusion machinery yields insights into the conservation of the secretory pathway 
in fungi. BMC Evol Biol, 9, 19. 
KIM, K. K., YOKOTA, H. & KIM, S. H. 1999. Four-helical-bundle structure of the 
cytoplasmic domain of a serine chemotaxis receptor. Nature, 400, 787-92. 
KING, N. P., NEWTON, P., SCHUELEIN, R., BROWN, D. L., PETRU, M., ZARSKY, V., 
DOLEZAL, P., LUO, L., BUGARCIC, A., STANLEY, A. C., MURRAY, R. Z., 
COLLINS, B. M., TEASDALE, R. D., HARTLAND, E. L. & STOW, J. L. 2015. 
Soluble NSF attachment protein receptor molecular mimicry by a Legionella 
pneumophila Dot/Icm effector. Cell Microbiol, 17, 767-84. 
KLINGER, C. M., SPANG, A., DACKS, J. B. & ETTEMA, T. J. 2016. Tracing the Archaeal 
Origins of Eukaryotic Membrane-Trafficking System Building Blocks. Mol Biol Evol, 
33, 1528-41. 
KLOEPPER, T. H., KIENLE, C. N. & FASSHAUER, D. 2007. An elaborate classification of 
SNARE proteins sheds light on the conservation of the eukaryotic endomembrane 
system. Mol Biol Cell, 18, 3463-71. 
KLOEPPER, T. H., KIENLE, C. N. & FASSHAUER, D. 2008. SNAREing the basis of 
multicellularity: consequences of protein family expansion during evolution. Mol Biol 
Evol, 25, 2055-68. 
KOONIN, E. V. & YUTIN, N. 2019. Evolution of the Large Nucleocytoplasmic DNA 
Viruses of Eukaryotes and Convergent Origins of Viral Gigantism. Adv Virus Res, 
103, 167-202. 
KWEON, Y., ROTHE, A., CONIBEAR, E. & STEVENS, T. H. 2003. Ykt6p is a 
multifunctional yeast R-SNARE that is required for multiple membrane transport 
pathways to the vacuole. Mol Biol Cell, 14, 1868-81. 
LA SCOLA, B., AUDIC, S., ROBERT, C., JUNGANG, L., DE LAMBALLERIE, X., 
DRANCOURT, M., BIRTLES, R., CLAVERIE, J. M. & RAOULT, D. 2003. A giant 
virus in amoebae. Science, 299, 2033. 
LEGENDRE, M., BARTOLI, J., SHMAKOVA, L., JEUDY, S., LABADIE, K., ADRAIT, 
A., LESCOT, M., POIROT, O., BERTAUX, L., BRULEY, C., COUTE, Y., 
RIVKINA, E., ABERGEL, C. & CLAVERIE, J. M. 2014. Thirty-thousand-year-old 
distant relative of giant icosahedral DNA viruses with a pandoravirus morphology. 
Proc Natl Acad Sci U S A, 111, 4274-9. 
LERMAN, J. C., ROBBLEE, J., FAIRMAN, R. & HUGHSON, F. M. 2000. Structural 
analysis of the neuronal SNARE protein syntaxin-1A. Biochemistry, 39, 8470-9. 
 121 
LEVINE, T. P., DANIELS, R. D., WONG, L. H., GATTA, A. T., GERONDOPOULOS, A. 
& BARR, F. A. 2013. Discovery of new Longin and Roadblock domains that form 
platforms for small GTPases in Ragulator and TRAPP-II. Small GTPases, 4, 62-9. 
LIANG, B., DAWIDOWSKI, D., ELLENA, J. F., TAMM, L. K. & CAFISO, D. S. 2014. The 
SNARE motif of synaptobrevin exhibits an aqueous-interfacial partitioning that is 
modulated by membrane curvature. Biochemistry, 53, 1485-94. 
LIANG, B., KIESSLING, V. & TAMM, L. K. 2013. Prefusion structure of syntaxin-1A 
suggests pathway for folding into neuronal trans-SNARE complex fusion 
intermediate. Proc Natl Acad Sci U S A, 110, 19384-9. 
LINDAS, A. C., KARLSSON, E. A., LINDGREN, M. T., ETTEMA, T. J. & BERNANDER, 
R. 2008. A unique cell division machinery in the Archaea. Proc Natl Acad Sci U S A, 
105, 18942-6. 
LINIAL, M. 1997. SNARE proteins--why so many, why so few? J Neurochem, 69, 1781-92. 
LOBLEY, A., SADOWSKI, M. I. & JONES, D. T. 2009. pGenTHREADER and 
pDomTHREADER: new methods for improved protein fold recognition and 
superfamily discrimination. Bioinformatics, 25, 1761-7. 
LOU, X. & SHIN, Y. K. 2016. SNARE zippering. Biosci Rep, 36. 
MA, M. & BURD, C. G. 2019. Retrograde trafficking and quality control of yeast 
synaptobrevin, Snc1, are conferred by its transmembrane domain. Mol Biol Cell, 30, 
1729-1742. 
MACLEOD, F., KINDLER, G. S., WONG, H. L., CHEN, R. & BURNS, B. P. 2019. Asgard 
archaea: Diversity, function, and evolutionary implications in a range of microbiomes. 
AIMS Microbiol, 5, 48-61. 
MAKAROVA, K. S., WOLF, Y. I., MEKHEDOV, S. L., MIRKIN, B. G. & KOONIN, E. V. 
2005. Ancestral paralogs and pseudoparalogs and their role in the emergence of the 
eukaryotic cell. Nucleic Acids Res, 33, 4626-38. 
MAKAROVA, K. S., YUTIN, N., BELL, S. D. & KOONIN, E. V. 2010. Evolution of diverse 
cell division and vesicle formation systems in Archaea. Nat Rev Microbiol, 8, 731-41. 
MARGITTAI, M., FASSHAUER, D., PABST, S., JAHN, R. & LANGEN, R. 2001. Homo- 
and heterooligomeric SNARE complexes studied by site-directed spin labeling. J Biol 
Chem, 276, 13169-77. 
MARTIJN, J., VOSSEBERG, J., GUY, L., OFFRE, P. & ETTEMA, T. J. G. 2018. Deep 
mitochondrial origin outside the sampled alphaproteobacteria. Nature, 557, 101-105. 
MARTIN, W. F., TIELENS, A. G. M., MENTEL, M., GARG, S. G. & GOULD, S. B. 2017. 
The Physiology of Phagocytosis in the Context of Mitochondrial Origin. Microbiol 
Mol Biol Rev, 81. 
MCNEW, J. A., PARLATI, F., FUKUDA, R., JOHNSTON, R. J., PAZ, K., PAUMET, F., 
SOLLNER, T. H. & ROTHMAN, J. E. 2000. Compartmental specificity of cellular 
membrane fusion encoded in SNARE proteins. Nature, 407, 153-9. 
MEHARI, Y. T., JASON HAYES, B., REDDING, K. S., MARIAPPAN, P. V. G., 
GUNDERSON, J. H., FARONE, A. L. & FARONE, M. B. 2016. Description of 
'Candidatus Berkiella aquae' and 'Candidatus Berkiella cookevillensis', two 
intranuclear bacteria of freshwater amoebae. Int J Syst Evol Microbiol, 66, 536-541. 
MEIRINGER, C. T., RETHMEIER, R., AUFFARTH, K., WILSON, J., PERZ, A., 
BARLOWE, C., SCHMITT, H. D. & UNGERMANN, C. 2011. The Dsl1 protein 
tethering complex is a resident endoplasmic reticulum complex, which interacts with 
five soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein receptors 
(SNAREs): implications for fusion and fusion regulation. J Biol Chem, 286, 25039-46. 
MUTSAFI, Y., SHIMONI, E., SHIMON, A. & MINSKY, A. 2013. Membrane assembly 
during the infection cycle of the giant Mimivirus. PLoS Pathog, 9, e1003367. 
 122 
NARASINGARAO, P., PODELL, S., UGALDE, J. A., BROCHIER-ARMANET, C., 
EMERSON, J. B., BROCKS, J. J., HEIDELBERG, K. B., BANFIELD, J. F. & 
ALLEN, E. E. 2012. De novo metagenomic assembly reveals abundant novel major 
lineage of Archaea in hypersaline microbial communities. Isme j, 6, 81-93. 
NARROWE, A. B., SPANG, A., STAIRS, C. W., CACERES, E. F., BAKER, B. J., 
MILLER, C. S. & ETTEMA, T. J. G. 2018. Complex Evolutionary History of 
Translation Elongation Factor 2 and Diphthamide Biosynthesis in Archaea and 
Parabasalids. Genome Biol Evol, 10, 2380-2393. 
NEVEU, E., KHALIFEH, D., SALAMIN, N. & FASSHAUER, D. 2019. Prototypic SNARE 
proteins are encoded in the genomes of Heimdallarchaeota, potentially bridging the 
gap between the prokaryotes and eukaryotes. bioRxiv, 810531. 
NICHOLSON, K. L., MUNSON, M., MILLER, R. B., FILIP, T. J., FAIRMAN, R. & 
HUGHSON, F. M. 1998. Regulation of SNARE complex assembly by an N-terminal 
domain of the t-SNARE Sso1p. Nat Struct Biol, 5, 793-802. 
O'MALLEY, M. A., LEGER, M. M., WIDEMAN, J. G. & RUIZ-TRILLO, I. 2019. Concepts 
of the last eukaryotic common ancestor. Nat Ecol Evol, 3, 338-344. 
OMOTADE, T. O. & ROY, C. R. 2019. Manipulation of Host Cell Organelles by 
Intracellular Pathogens. Microbiol Spectr, 7. 
OTTO, H., HANSON, P. I. & JAHN, R. 1997. Assembly and disassembly of a ternary 
complex of synaptobrevin, syntaxin, and SNAP-25 in the membrane of synaptic 
vesicles. Proc Natl Acad Sci U S A, 94, 6197-201. 
PARK, S. Y., BORBAT, P. P., GONZALEZ-BONET, G., BHATNAGAR, J., POLLARD, A. 
M., FREED, J. H., BILWES, A. M. & CRANE, B. R. 2006. Reconstruction of the 
chemotaxis receptor-kinase assembly. Nat Struct Mol Biol, 13, 400-7. 
PARKINSON, J. S. 2010. Signaling mechanisms of HAMP domains in chemoreceptors and 
sensor kinases. Annu Rev Microbiol, 64, 101-22. 
PARLATI, F., MCNEW, J. A., FUKUDA, R., MILLER, R., SOLLNER, T. H. & 
ROTHMAN, J. E. 2000. Topological restriction of SNARE-dependent membrane 
fusion. Nature, 407, 194-8. 
PARLATI, F., VARLAMOV, O., PAZ, K., MCNEW, J. A., HURTADO, D., SOLLNER, T. 
H. & ROTHMAN, J. E. 2002. Distinct SNARE complexes mediating membrane 
fusion in Golgi transport based on combinatorial specificity. Proc Natl Acad Sci U S 
A, 99, 5424-9. 
PAUMET, F., RAHIMIAN, V. & ROTHMAN, J. E. 2004. The specificity of SNARE-
dependent fusion is encoded in the SNARE motif. Proc Natl Acad Sci U S A, 101, 
3376-80. 
PAUMET, F., WESOLOWSKI, J., GARCIA-DIAZ, A., DELEVOYE, C., AULNER, N., 
SHUMAN, H. A., SUBTIL, A. & ROTHMAN, J. E. 2009. Intracellular bacteria 
encode inhibitory SNARE-like proteins. PLoS One, 4, e7375. 
PENG, R. & GALLWITZ, D. 2002. Sly1 protein bound to Golgi syntaxin Sed5p allows 
assembly and contributes to specificity of SNARE fusion complexes. J Cell Biol, 157, 
645-55. 
PEVSNER, J., HSU, S. C., BRAUN, J. E., CALAKOS, N., TING, A. E., BENNETT, M. K. 
& SCHELLER, R. H. 1994. Specificity and regulation of a synaptic vesicle docking 
complex. Neuron, 13, 353-61. 
PHILIPPE, N., LEGENDRE, M., DOUTRE, G., COUTE, Y., POIROT, O., LESCOT, M., 
ARSLAN, D., SELTZER, V., BERTAUX, L., BRULEY, C., GARIN, J., CLAVERIE, 
J. M. & ABERGEL, C. 2013. Pandoraviruses: amoeba viruses with genomes up to 2.5 
Mb reaching that of parasitic eukaryotes. Science, 341, 281-6. 
 123 
PINAMONTI, G., CAMPO, G., CHEN, J., KLUBER, A. & CLEMENTI, C. 2018. 
Simulations Reveal Multiple Intermediates in the Unzipping Mechanism of Neuronal 
SNARE Complex. Biophys J, 115, 1470-1480. 
PODAR, M., WALL, M. A., MAKAROVA, K. S. & KOONIN, E. V. 2008. The prokaryotic 
V4R domain is the likely ancestor of a key component of the eukaryotic vesicle 
transport system. Biol Direct, 3, 2. 
RAOULT, D., AUDIC, S., ROBERT, C., ABERGEL, C., RENESTO, P., OGATA, H., LA 
SCOLA, B., SUZAN, M. & CLAVERIE, J. M. 2004. The 1.2-megabase genome 
sequence of Mimivirus. Science, 306, 1344-50. 
REN, Y., YIP, C. K., TRIPATHI, A., HUIE, D., JEFFREY, P. D., WALZ, T. & HUGHSON, 
F. M. 2009. A structure-based mechanism for vesicle capture by the multisubunit 
tethering complex Dsl1. Cell, 139, 1119-29. 
RIZO, J. & SUDHOF, T. C. 2012. The membrane fusion enigma: SNAREs, Sec1/Munc18 
proteins, and their accomplices--guilty as charged? Annu Rev Cell Dev Biol, 28, 279-
308. 
ROY, C. R. & TILNEY, L. G. 2002. The road less traveled: transport of Legionella to the 
endoplasmic reticulum. J Cell Biol, 158, 415-9. 
SACHER, M., KIM, Y. G., LAVIE, A., OH, B. H. & SEGEV, N. 2008. The TRAPP 
complex: insights into its architecture and function. Traffic, 9, 2032-42. 
SAGAN, L. 1967. On the origin of mitosing cells. J Theor Biol, 14, 255-74. 
SALAH UD-DIN, A. I. M. & ROUJEINIKOVA, A. 2017. Methyl-accepting chemotaxis 
proteins: a core sensing element in prokaryotes and archaea. Cell Mol Life Sci, 74, 
3293-3303. 
SCALES, S. J., CHEN, Y. A., YOO, B. Y., PATEL, S. M., DOUNG, Y. C. & SCHELLER, 
R. H. 2000. SNAREs contribute to the specificity of membrane fusion. Neuron, 26, 
457-64. 
SEITZ, K. W., DOMBROWSKI, N., EME, L., SPANG, A., LOMBARD, J., SIEBER, J. R., 
TESKE, A. P., ETTEMA, T. J. G. & BAKER, B. J. 2019. Asgard archaea capable of 
anaerobic hydrocarbon cycling. Nat Commun, 10, 1822. 
SEITZ, K. W., LAZAR, C. S., HINRICHS, K. U., TESKE, A. P. & BAKER, B. J. 2016. 
Genomic reconstruction of a novel, deeply branched sediment archaeal phylum with 
pathways for acetogenesis and sulfur reduction. Isme j, 10, 1696-705. 
SHEN, J., TARESTE, D. C., PAUMET, F., ROTHMAN, J. E. & MELIA, T. J. 2007. 
Selective activation of cognate SNAREpins by Sec1/Munc18 proteins. Cell, 128, 183-
95. 
SHI, X., HALDER, P., YAVUZ, H., JAHN, R. & SHUMAN, H. A. 2016. Direct targeting of 
membrane fusion by SNARE mimicry: Convergent evolution of Legionella effectors. 
Proc Natl Acad Sci U S A, 113, 8807-12. 
SOLLNER, T., WHITEHEART, S. W., BRUNNER, M., ERDJUMENT-BROMAGE, H., 
GEROMANOS, S., TEMPST, P. & ROTHMAN, J. E. 1993. SNAP receptors 
implicated in vesicle targeting and fusion. Nature, 362, 318-24. 
SORENSEN, J. B., NAGY, G., VAROQUEAUX, F., NEHRING, R. B., BROSE, N., 
WILSON, M. C. & NEHER, E. 2003. Differential control of the releasable vesicle 
pools by SNAP-25 splice variants and SNAP-23. Cell, 114, 75-86. 
SPANG, A., SAW, J. H., JORGENSEN, S. L., ZAREMBA-NIEDZWIEDZKA, K., 
MARTIJN, J., LIND, A. E., VAN EIJK, R., SCHLEPER, C., GUY, L. & ETTEMA, 
T. J. G. 2015. Complex archaea that bridge the gap between prokaryotes and 
eukaryotes. Nature, 521, 173-179. 
STENMARK, H. 2009. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell 
Biol, 10, 513-25. 
 124 
SUTTON, R. B., FASSHAUER, D., JAHN, R. & BRUNGER, A. T. 1998. Crystal structure 
of a SNARE complex involved in synaptic exocytosis at 2.4 A resolution. Nature, 
395, 347-53. 
SUZAN-MONTI, M., LA SCOLA, B. & RAOULT, D. 2006. Genomic and evolutionary 
aspects of Mimivirus. Virus Res, 117, 145-55. 
TAKAI, Y., SASAKI, T. & MATOZAKI, T. 2001. Small GTP-binding proteins. Physiol Rev, 
81, 153-208. 
TOONEN, R. F. & VERHAGE, M. 2003. Vesicle trafficking: pleasure and pain from SM 
genes. Trends Cell Biol, 13, 177-86. 
TRIMBLE, W. S., COWAN, D. M. & SCHELLER, R. H. 1988. VAMP-1: a synaptic vesicle-
associated integral membrane protein. Proc Natl Acad Sci U S A, 85, 4538-42. 
TSUI, M. M. & BANFIELD, D. K. 2000. Yeast Golgi SNARE interactions are promiscuous. 
J Cell Sci, 113 ( Pt 1), 145-52. 
UNGERMANN, C. & KUMMEL, D. 2019. Structure of membrane tethers and their role in 
fusion. Traffic, 20, 479-490. 
VOLCHUK, A., RAVAZZOLA, M., PERRELET, A., ENG, W. S., DI LIBERTO, M., 
VARLAMOV, O., FUKASAWA, M., ENGEL, T., SOLLNER, T. H., ROTHMAN, J. 
E. & ORCI, L. 2004. Countercurrent distribution of two distinct SNARE complexes 
mediating transport within the Golgi stack. Mol Biol Cell, 15, 1506-18. 
VON MOLLARD, G. F., NOTHWEHR, S. F. & STEVENS, T. H. 1997. The yeast v-SNARE 
Vti1p mediates two vesicle transport pathways through interactions with the t-
SNAREs Sed5p and Pep12p. J Cell Biol, 137, 1511-24. 
WADA, Y., KITAMOTO, K., KANBE, T., TANAKA, K. & ANRAKU, Y. 1990. The SLP1 
gene of Saccharomyces cerevisiae is essential for vacuolar morphogenesis and 
function. Mol Cell Biol, 10, 2214-23. 
WAGSTAFF, J. & LOWE, J. 2018. Prokaryotic cytoskeletons: protein filaments organizing 
small cells. Nat Rev Microbiol, 16, 187-201. 
WANG, M. & CASEY, P. J. 2016. Protein prenylation: unique fats make their mark on 
biology. Nat Rev Mol Cell Biol, 17, 110-22. 
WANG, T., LI, L. & HONG, W. 2017. SNARE proteins in membrane trafficking. Traffic, 18, 
767-775. 
WEBER, M. M. & FARIS, R. 2018. Subversion of the Endocytic and Secretory Pathways by 
Bacterial Effector Proteins. Front Cell Dev Biol, 6, 1. 
WEIMBS, T., LOW, S. H., CHAPIN, S. J., MOSTOV, K. E., BUCHER, P. & HOFMANN, 
K. 1997. A conserved domain is present in different families of vesicular fusion 
proteins: a new superfamily. Proc Natl Acad Sci U S A, 94, 3046-51. 
WEIMBS, T., MOSTOV, K., LOW, S. H. & HOFMANN, K. 1998. A model for structural 
similarity between different SNARE complexes based on sequence relationships. 
Trends Cell Biol, 8, 260-2. 
WENDLER, F. & TOOZE, S. 2001. Syntaxin 6: the promiscuous behaviour of a SNARE 
protein. Traffic, 2, 606-11. 
WHITE, K. I., ZHAO, M., CHOI, U. B., PFUETZNER, R. A. & BRUNGER, A. T. 2018. 
Structural principles of SNARE complex recognition by the AAA+ protein NSF. Elife, 
7. 
WIEDERHOLD, K., KLOEPPER, T. H., WALTER, A. M., STEIN, A., KIENLE, N., 
SORENSEN, J. B. & FASSHAUER, D. 2010. A coiled coil trigger site is essential for 
rapid binding of synaptobrevin to the SNARE acceptor complex. J Biol Chem, 285, 
21549-59. 
WILLIAMS, T. A., FOSTER, P. G., COX, C. J. & EMBLEY, T. M. 2013. An archaeal origin 
of eukaryotes supports only two primary domains of life. Nature, 504, 231-6. 
 125 
WOESE, C. R. & FOX, G. E. 1977. Phylogenetic structure of the prokaryotic domain: the 
primary kingdoms. Proc Natl Acad Sci U S A, 74, 5088-90. 
WOESE, C. R., KANDLER, O. & WHEELIS, M. L. 1990. Towards a natural system of 
organisms: proposal for the domains Archaea, Bacteria, and Eucarya. Proc Natl Acad 
Sci U S A, 87, 4576-9. 
XIAO, C., CHIPMAN, P. R., BATTISTI, A. J., BOWMAN, V. D., RENESTO, P., 
RAOULT, D. & ROSSMANN, M. G. 2005. Cryo-electron microscopy of the giant 
Mimivirus. J Mol Biol, 353, 493-6. 
YAAKOV, L. B., MUTSAFI, Y., PORAT, Z., DADOSH, T. & MINSKY, A. 2019. Kinetics 
of Mimivirus Infection Stages Quantified Using Image Flow Cytometry. Cytometry A, 
95, 534-548. 
YAMAGUCHI, T., DULUBOVA, I., MIN, S. W., CHEN, X., RIZO, J. & SUDHOF, T. C. 
2002. Sly1 binds to Golgi and ER syntaxins via a conserved N-terminal peptide motif. 
Dev Cell, 2, 295-305. 
YANG, B., GONZALEZ, L., JR., PREKERIS, R., STEEGMAIER, M., ADVANI, R. J. & 
SCHELLER, R. H. 1999. SNARE interactions are not selective. Implications for 
membrane fusion specificity. J Biol Chem, 274, 5649-53. 
YANG, F. Y. & ZHANG, X. F. 1985. Comparison of the effects of one-side- and two-side 
Mg2+ on the reconstitution of mitochondrial H+-ATPase. FEBS Lett, 182, 31-3. 
YAVUZ, H., KATTAN, I., HERNANDEZ, J. M., HOFNAGEL, O., WITKOWSKA, A., 
RAUNSER, S., WALLA, P. J. & JAHN, R. 2018. Arrest of trans-SNARE zippering 
uncovers loosely and tightly docked intermediates in membrane fusion. J Biol Chem, 
293, 8645-8655. 
YU, I. M. & HUGHSON, F. M. 2010. Tethering factors as organizers of intracellular 
vesicular traffic. Annu Rev Cell Dev Biol, 26, 137-56. 
YUTIN, N. & KOONIN, E. V. 2012. Archaeal origin of tubulin. Biol Direct, 7, 10. 
YUTIN, N., WOLF, M. Y., WOLF, Y. I. & KOONIN, E. V. 2009. The origins of 
phagocytosis and eukaryogenesis. Biol Direct, 4, 9. 
ZADE, A., SENGUPTA, M. & KONDABAGIL, K. 2015. Extensive in silico analysis of 
Mimivirus coded Rab GTPase homolog suggests a possible role in virion membrane 
biogenesis. Front Microbiol, 6, 929. 
ZAREMBA-NIEDZWIEDZKA, K., CACERES, E. F., SAW, J. H., BACKSTROM, D., 
JUZOKAITE, L., VANCAESTER, E., SEITZ, K. W., ANANTHARAMAN, K., 
STARNAWSKI, P., KJELDSEN, K. U., STOTT, M. B., NUNOURA, T., 
BANFIELD, J. F., SCHRAMM, A., BAKER, B. J., SPANG, A. & ETTEMA, T. J. 
2017. Asgard archaea illuminate the origin of eukaryotic cellular complexity. Nature, 
541, 353-358. 
ZAUBERMAN, N., MUTSAFI, Y., HALEVY, D. B., SHIMONI, E., KLEIN, E., XIAO, C., 
SUN, S. & MINSKY, A. 2008. Distinct DNA exit and packaging portals in the virus 
Acanthamoeba polyphaga mimivirus. PLoS Biol, 6, e114. 
ZHANG, Y. 2017. Energetics, kinetics, and pathway of SNARE folding and assembly 
revealed by optical tweezers. Protein Sci, 26, 1252-1265. 
ZHAO, M., WU, S., ZHOU, Q., VIVONA, S., CIPRIANO, D. J., CHENG, Y. & BRUNGER, 
A. T. 2015. Mechanistic insights into the recycling machine of the SNARE complex. 
Nature, 518, 61-7. 
ZHOU, Q., ZHOU, P., WANG, A. L., WU, D., ZHAO, M., SUDHOF, T. C. & BRUNGER, 
A. T. 2017. The primed SNARE-complexin-synaptotagmin complex for neuronal 
exocytosis. Nature, 548, 420-425. 
ZHULIN, I. B. 2001. The superfamily of chemotaxis transducers: from physiology to 
genomics and back. Adv Microb Physiol, 45, 157-98. 
 126 
LIST OF PUBLICATIONS 
 
Prototypic SNARE proteins are encoded in the genomes of Heimdallarchaeota, 
potentially bridging the gap between the prokaryotes and eukaryotes 
  
Emilie Neveu*, Dany Khalifeh*, Nicolas Salamin and Dirk Fasshauer 
*These authors contributed equally to this work 
 




Prototypic SNARE proteins are encoded in the genomes of Heimdallarchaeota, 
potentially bridging the gap between the prokaryotes and eukaryotes 
  
Emilie Neveu*, Dany Khalifeh*, Nicolas Salamin and Dirk Fasshauer 
*These authors contributed equally to this work 
 




Specificity of SNARE complex assembly  
 
Mykola Dergai, Dany Khalifeh, Dirk Fasshauer et al. 
 
Manuscript in preparation 
 
(Neveu et al., 2019) 
